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Abstract 
The literature on the processing, microstructures and phase equilibria on MOSi2 and 
MOSi2+Al alloys is reviewed briefly, together with research on other intermetallics in 
the Mo-Si and Mo-Al systems. Solidification microstructures and phase selection in in- 
gots and melt spun ribbons of the 50Mo-45Si-5A1,62. Wo-25SM15AI, 70Mo-10Si-20Al, 
50Mo-15Si-35Al and 37.5Mo-10Si-52.5Al alloys, produced by clean melting and casting, 
were studied. There was good agreement between the observed solidification paths and 
those predicted using calculated phase equilibria. The C54-Mo(Si, AI)2 phase was found 
to be an equilibrium phase and could not be suppressed by rapid solidification. A limited 
solid solubility of Si in M03AI8 (up to 2 at%) and an extended Al solubility in M05Si3 (Up 
to 10-11 at%) were determined. The M03(Si, Al) and M05(Si, AI)3 phases exhibited a stoi- 
chiometry range of 2%. The C40-Mo(Si, AI)2 and the T1-M05Si3 phases formed a eutectic 
with an approximate orientation relationship [11MIC40 11 [0011T11 (0111)C40 11 (011)T11 
which varied within ±4'. The ribbons exhibited a two zone microstructure. The M03A18 
was completely suppressed in zone A, while the T1 and C54 phases could not be sup- 
pressed. 
Alloying behaviour in MOSi2 and MOSi2 +Al (10,22.6,40 at% Al) was studied using 
high energy XPS with Cr K, 8 radiation and measuring the Auger parameter variations of 
Mo, Al and Si between alloyed and unalloyed conditions. The charge transfer was also 
calculated using the model of Thomas and Weightman. In MOSi2 it was concluded that 
the atomic bonding between Mo and Si is of a covalent p-d character. In MOSi2+Al the 
results were consistent with the Si substitution by Al in the 1110} close packed planes and 
the crystal structure modification from tetragonal C11b to hexagonal C40. The plasmon 
loss structures of the Si ls and Al ls peaks (recorded using the Cr K'6 source) showed 
reduced intensity in the alloys relative to the pure metals, and this was attributed to 
more strongly bound valence electrons that exist in the compounds. The opposite was 
the case for the Mo 2P3/2 peak. 
Thermodynamic assessment showed that alumina is the equilibrium oxide to form 
on all alloys at 5000,8000,9500 and 14000C. The microstructural studies of the complex 
oxide scales showed that the oxidation of multiphase Mo-Si-Al alloys is very complex 
and supported further the conclusion that it cannot be incorporated into a simple kinetic 
model. None of the MOSi2+Al (5,40 at% Al) alloys exhibited pest oxidation. Synergistic 
nucleation of Al and Si oxides against Mo oxides seems to have led to the suppression of 
pest. These alloys exhibited excellent intermediate and high temperature oxidation resis- 
tance, the MOSi2+40 at% Al alloy being better than MOS12. Coupling of the T1 phase with 
more oxidation resistant phases, like the C40-Mo(Si, AI)2, C54-Mo(Si, AI)2 and M03AI8, 
was beneficial at 8000,9500 and 14001C, with the catastrophic behaviour of T1 being sup- 
pressed. However, minimum volume fractions of the above phases might be required 
in order to achieve improved oxidation resistance. This was the case when T1 was com- 
bined both with a beneficial (M03A18) and with a detrimental (A15-M03Si) compound. 
Regarding the low-temperature resistance, exactly the opposite effect was noticed. The 
50Mo-45Si-5Al alloy suffered from pesting despite the fact that the T1 and C40 phases on 
their own do not. The 37.5Mo-10Si-52.5Al alloy also exhibited pesting. It would appear 
that the compounds with low Mo content dominate and control the oxidation behaviour 
of the alloys. Overall, the C40-Mo(Si, AI)2 and M03AI8 compounds enjoyed no real bene- 
fit from their combination with the 5-3 silicide. It is suggested that formation of MoO3 is 
a necessary condition for the occurrence of pest. However, it is not sufficient, and com- 
parison of the behaviour of alloys with and without pesting showed that crystallization 
Of M003 is probably the process which leads to rupture of the initial oxide layer, further 
oxidation and fragmentation of the material eventually. 
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Chapter I 
Introduction 
The development of advanced high-temperature structural materials for heat en- 
gines poses a great challenge for metallic materials. The performance of gas tur- 
bines increases with the peak operating temperature of the working fluid and 
the limiting temperature is dictated by the capabilities of the materials which are 
available for application in various environments. 
More than fifty years of development of superalloys in gas turbines has 
brought them to a level of use such that there is no other alloy class offering 
the same overall balance of engineering properties in polycrystalline or single 
crystal form at a service temperature as high as 0.8TNi However, the potential rn 
of these materials has been largely realized by reaching their upper temperature 
limit of utilization. The underlying limitation, which will not permit any further 
substantial rise in the effective operating temperature, is imposed by the melting 
point of nickel (1726 K) and the inherent properties of the principle strengthening 
phase -y/ (Ni3(AI, X)). New "alternative" materials, which are lighter, stronger and 
have a higher potential temperature of operation, compared to the ones currently 
available, are being sought. 
The research for new "alternative" materials has largely centered on inter- 
metallics, which can be classified according to their microstructure in three ma- 
jor categories: a) single-phase monolithic materials, b) two-phase or multiphase 
alloys where all of the constituent phases or a dominant part of them is an inter- 
metallic compound, c) intermetallic matrix composites. Nickel, iron and titanium 
aluminides were the first intermetallics to be considered and the latter are still 
the focus of the ongoing research on intermetallic alloys to substitute nickel base 
superalloys for applications at T<10000C. However, over the past fifteen years a 
big part of the research on the development of advanced high-temperature ma- 
terials has been directed towards examination of intermetallic compounds and 
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alloys based on silicides of refractory metals. 
MOSi2has perhaps received the most attention from the various silicides. This 
is a direct consequence of its high melting point, excellent oxidation resistance 
at high temperatures and reasonable density. HoweverMOSi2 suffers from pest 
oxidation at low temperatures and poor ductility and toughness at room temper- 
ature. Despite the importance of Al inMOSi2 alloy development, a controversy 
still exists around the Mo-Si-Al phase equilibria; the existing isothermal sections 
contain numerous inaccuracies and inconsistencies. Experimental data in this 
system is also sparse and often contradictory. 
This research is part of a wider programme on the development of exotic in- 
termetallics. The work presented in this thesis is a study of Mo-Si-Al alloys with 
compositions that do not belong on the Mo(Si, AI)2 line, which was studied in an 
earlier PhD programme at Surrey. The aim of the research is to contribute experi- 
mental data to provide a reliable description of the Mo-Si-Al ternary phase equi- 
libria and the oxidation behaviour of multiphase Mo-Si-AI alloys, the latter being 
important because the alloys to be studied are targeted for high-temperature ap- 
plications. 
The research described in this thesis had the following objectives: 
* To produce Mo-Si-Al alloys and to study systematically their microstruc- 
tures and phase equilibria. 
9 To study the oxidation behaviour of these alloys, in order to determine the 
oxidation of molybdenum aluminosilicides. 
To study the alloying behaviour of Mo, Si and Al at the electronic level when 
they form MOSi2 and MOSi2 +AL 
The strategy adopted for realizing the above objectives included: 
1. The design of Mo-Si-Al alloys with combinations of phases that would al- 
low evaluation of phase equilibria neat the Mo-Al and Mo-Si parts of the 
MO-Si-Al phase diagram. 
2. The production of the alloys keeping low the level of interstitials. 
3. The rapid solidification processing of alloys to explore phase selection over 
a range of cooling rates. 
4. The selection of experimental techniques to study the microstructures of the 
alloys at different length scales. 
CHAPTER 1: Introduction 7 
5. The selection of experimental techniques to evaluate the oxidation beha- 
viour of the alloys. 
Alloy production used clean melting and casting based on the cold hearth 
melting principle and chill block melt spinning, thus extending the cooling rates 
achieved in cold hearth melting and casting. Experimental techniques were se- 
lected that complement each other in the evaluation of microstructure and oxida- 
tion behaviour. These included XRD, SEM, EPMA, TEM, DSC/TGA and X-ray 
photoelectron spectroscopy. Alloying behaviour at the electronic level was stud- 
ied experimentally using electron spectroscopy. Calculated phase equilibria data 
was also used for the analysis of phase transformations and of the oxidation of 
the alloys. 
The structure of the thesis is as follows: The literature is reviewed in chapter 2. 
The alloy selection and experimental techniques used are presented in chapter 3. 
Chapter 4 gives the results of the n-dcrostructural studies and the phase equilibria 
of the alloys and their discussion. The experimental study of alloying behaviour 
at the electronic level using electron spectroscopy and the calculation of charge 
transfer from values of the Auger parameter is presented in chapter 5. Chapter 
6 is dedicated to the evaluation and analysis of the oxidation behaviour of the 
alloys included in this thesis. The conclusions and suggestions for future work 
are given in chapter 7. 
Chapter 2 
Literature Review 
2.1 Intermetallic alloys 
The need for new high temperature materials 
The development of advanced high-temperature structural materials and of ad- 
vanced technologies for their processing has been driven by the requirements for 
improved heat engines mainly used in aerospace applications. Within these heat 
engines, gas turbines pose the greatest challenge for metallic materials. Their 
performance increases with the peak operating temperature of the working fluid; 
the limiting temperature is dictated by the capabilities of the materials which are 
available for application in these environments. 
The advanced materials that first substituted steel in these applications were 
the nickel-based superalloys. More than fifty years of development of superal- 
loys has advanced them to a level of use such that there is no other alloy class 
offering the same overall balance of engineering properties in polycrystalline or 
monocrystalline form. Furthermore, there are no other structural materials capa- 
ble of a service temperature at as high a fraction (80%) of their melting point as 
the superalloys in single crystal form. However, the potential of these materials 
has been largely realised by reaching their upper temperature limit of utilization. 
The underlying limitation, which will not permit any further substantial rise in 
the effective operating temperature, is imposed by the melting point of nickel 
(1726 K) and the principle strenghtening phase -yI (Ni3(AI, X)). New "alternative" 
materials are therefore needed, materials which are lighter, stronger and have a 
higher potential temperature of operation, compared to the ones currently avail- 
able (Pope and Darolia, 1996). 
Much contemporary research on high temperature structural materials is cen- 
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tered on intermetallic compounds and their alloys. Nickel and titanium alu- 
minides were the first class of intermetallics that attracted significant attention. 
They still constitute the major subject of the ongoing research on intermetallics. 
However, over the past ten years a big part of this research has been directed 
towards examination of intermetallic compounds and alloys based on other alu- 
minides and silicides of mainly refractory metals. The intermetallics investigated 
can be classified according to their microstructure in three major categories: a) 
single-phase monolithic materials, b) two-phase or multiphase alloys where all of 
the constituent phases or a dominant part of them is an intermetallic compound, 
c) intermetallic matrix composites. 
The critical properties of intermetallic compounds in relation to their physical 
and chemical characteristics are listed in table 2.1. The oxidation resistance, den- 
sity and alloying potential are largely controlled by the choice of the principal 
element and therefore depend on specific selection of the system. Elastic mod- 
ulus and thermal expansion are intrinsic physical properties, generally not al- 
tered significantly by minor variations in composition. In contrast with the more 
familiar world of cubic structural metals, the anisotropic thermal expansion as 
observed in non-cubic intermetallic compounds may have serious implications. 
For high-temperature structural applications, creep strength is the primary re- 
quirement. Tile lack of low-temperature ductility constitutes the major problem 
impeding the widespread use of intermetallics. Both creep strength and ductility 
are highly sensitive to structure and composition and a judicious development 
effort is under way in order to identify and develop the most promising systems 
and processes (Anton et al., 1989). 
2.1.2 Definition of intermetallic compounds 
An intermetallic compound is generally an alloy phase formed between two me- 
tallic elements. These two elements are mixed in specific stoichiometric ratios and 
are usually ordered on two or more sublattices, each with its own distinct popu- 
lation of atoms. This means that a sublattice is occupied by one atom species and 
is accordingly named after the atoms which occupy it. These sublattices; make up 
the superlattice crystal structure. In three dimensions, a superlattice may consist 
of several sublattices. An example is the L12 superlattice of Ni3AI which consists 
of four interpenetrating sublattices, one occupied by Al atoms and three by Ni 
atoms. When the lattices are occupied exclusively by their designated atoms the 
crystal is said to be fully ordered. The crystal will be partially ordered if a certain 
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Table 2.1: Critical properties of intermetallic compounds (Anton et al., 1989). 
PROPERTY DEFINING CHARACTERISTICS 
Creep strength Melting Temperature 
Nature of bonding 
Oxidation resistance High activity of oxide forming element 
Crystal structure 
Ductility (DBTT) Crystal structure 
Stoichiometry 
Thermal expansion Melting temperature 
Nature of bonding 
Crystal structure 
Elastic modulus Crystal structure 
Nature of bonding 
Alloying potential Width of phase field 
Density Principal element 
Crystal structure 
fraction of the sublattice sites is taken up by atoms that would otherwise sit at 
other sublattices; this fraction is used to describe the degree of long range order 
(LRO). Deviations from the precise stoichiometry of an intermetallic compound 
are frequently permitted on one side or both sides of the nominal ideal atomic 
ratios, necessitating a partial disorder. Tile above definition is often relaxed to in- 
clude certain metal-metalloid compounds such as silicides (the materials studied 
in this work belong to this category) and germanides. 
According to Barrett and Massalski (1966), the long range order in intermetal- 
lic compounds can be explained: [11 by the quasi-chemical theory in which en- 
ergy is lowered due to reduced interaction energy between unlike neighbours, 
[2] by in the strain relaxation theory in which super lattice formation leads to the 
reduction of strain energy in a solid solution composed of atoms of different sizes 
and [31 by the electron Brillouin zone interaction theory, in which the energy of 
the conduction electrons is lowered by a specific interaction between the Fermi 
surface of the electrons and Brillouin zone of the super lattice. 
'Fhe quasi chemical approach given below offers a description rather than an 
explanation of what is going on. Most discussions on long range order are based 
on this explanation. Ordering of intermetallic phases is caused by the greater 
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strength of the A-13 bonds than of the A-A and B-B bonds that they replace on 
ordering. Thus, unlike atoms are favoured over like atoms as nearest neighbours. 
For a regular solid solution, the change in the internal energy of tile system upon 
mixing is given by tile equation (Porter and Easterling, 1992): 
Aii'llix : P'tBE (2.1) 
where PAD is the number of bonds between A and B atoms, and c is defined as 
1 
EAD - ý(CAA + EBB) (2.2) 
In equation 2.2, EAA is the energy of the A-A bonds, -Bli is the energy of the 
B-B bonds and EAB is the energy of the A-B bonds. In a system where c<0 the in- 
temal energy of the system is reduced by increasing the number of A-B bonds, i. e. 
ordering. When the ordering energy is low, as in the case of the compound Ni3Fe, 
entropy dominates with increasing temperature and the lattice becomes disor- 
dered. In the case of other compounds, such as the nickel aluminides (Ni3A]), the 
ordering energy is so high that the ordered structure is retained until the melting 
point. 
Cahn (1999) considered again the strain relaxation theory using recent data 
on intermetallic alloys such as Ni3AI, Nb3Sn, Zr3Al, Fe3A1 and concluded that 
the lattice parameter changes in intermetallics are correlated much more closely 
with the ordering energy than with the differences in atomic sizes. This correla- 
tion would suggest that an increasingly strong bond between unlike neighbours 
causes progressive shortening of that bond in relation to the mean interatomic 
spacings of pairs of like neighbours. This is in agreement with the results of 
ab-initio calculations which have shown that there is a strong covalent bonding 
component in ordered intermetallics (Nguyen-Mahn and Pettifor, 1999, McMa- 
han et al., 1994, Takao et al., 1996). 
2.2 Molybdenum silicides and aluminides 
Silicides, in contrast to the more widely studied aluminides, have been the sub- 
ject of intensive research only in the past decade. Transition metals such as Mo, 
Nb, Cr, Ti, Fe, Co and V are the main alloying elements that have been consid- 
ered. In this class of intermetallics, molybdenum disilicideMOSi2 is the com- 
pound that has received most attention by far. This interest stems from its very 
promising combination of properties, such as high melting point (2293 K), rel- 
atively low density (6240 kg /M3 ), excellent intermediate and high temperature 
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oxidation resistance, and metallic-like high electrical and thermal conductivity 
(Shah et al., 1992, Vasudevan and Petrovic, 1992, Hagihara et al., 1998). In addi- 
tion, MOSi2exhibits an excellent alloying potential with other silicides, and signif- 
icant thermodynamic compatibility with many ceramic reinforcements (Vasude- 
van and Petrovic, 1992). These properties allow the development of multiphase 
or composite micros tructures, the classic metallurgical design routes employed 
in order to overcome the series of problems associated with molybdenum disili- 
cide. The most serious of these problems lie in its mechanical properties: low 
ductility and lack of plasticity below the brittle-to-ductile transition temperature 
(around 1273-1473 K), low fracture toughness at ambient temperatures, inade- 
quate strength and creep resistance above 1573 K. Other problems include the 
catastrophic "pest" oxidation at low temperatures (773 K), and the spalling of pro- 
tectiveSi02 scales under thermal cycling (Yanagillara et al., 1993). It is essential 
to overcome these problems, if structural applications based on this compound 
are to be realised. 
Considerable research effort has been dedicated to improving the properties 
Of MOSi2- Its creep resistance has been significantly enhanced by introducing 
Si3N4particles or SiC whiskers (Sadananda et al., 1999, Bose, 1992). The fracture 
toughness of polycrystallineMOSi2 at room temperature was increased from 3 
MPa m 1/2, to ;:: ý, 15 MPa M1/2when reinforced with Nb, Mo, W wires, or 30% 
volume fractionOf Si3N4particIes (Petrovic, 1995). The addition of C-lubricated 
SiC continuous fibers has been found to increase the toughness even further, to 
about 35 MPaM1/2 for cracks normal to the fiber length, but for cracks running 
parallel to the fibers no such effect was observed (Waglimare et al., 1999). Other 
ceramic reinforcements have been less successful, with 20%ZiO2 giving about 
7.8 MPa MI/2 and 20% SiC whiskers or particles about 4.04.5 MPa MI/2 (Petrovic, 
1995). 
Alloying mainly with transition metals is another route widely used in order 
to produceMOSi2-based multiphase structures with enhanced properties (Boet- 
tinger et al., 1992, Shah et al., 1992). Niobium and Re led to an improvement of 
the high temperature strengthOf MOSi2, via a duplexMOSi2/NbSi2 S tructure in 
the former case (Nakano et al., 1998) and solid solution hardening in the latter 
(Misra et al., 2000). Tungsten was also found to have a solid solution strengthen- 
ing effect, by increasing the n-dcrohardnessOf (MOW)Si2at room and high tem- 
peratures (Harada et al., 1998, Stergiou, 1996). It has also led to lower creep rates 
by at least an order of magnitude. Chromium, Zr, V and Ta alloying additions 
on the other hand, resulted in solid solution softening (Harada et al., 1998). Chin 
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et al. (1994) examined a series of ternary alloys, with B and Ge substituting for 
Si and Hf, Nb and Re substituting for Mo, and found no significant change in 
their ductile-to-brittle transition temperature. The conclusion that arises from all 
these studies is that, despite advancements in the high temperature stability and 
creepOf MOSi2, no dramatic improvements have been achieved regarding the low 
temperature ductility and fracture toughness. 
Aluminium, is one of the most promising alloying additions for MOSi2- Ini- 
tially, it was believed that Al would enhance the low-temperature ductility of 
MOSi2via modification of its tetragonal crystal structure to a hexagonal one with 
a higher number of slip systems. As it will be shown in the review of the me- 
chanical properties of molybdenum silicides (section 2.5), this has not been con- 
firmed. It is also assumed that Al modifies the strong Mo-Si bonds inMOSi2, thus 
introducing a more metallic character to the compound. The validity of this as- 
sumption still remains unclear. Despite the above uncertainties, Al remains an 
excellent alloying element because it reduces the density and leads to suppres- 
sion of pest oxidation in Mo(Si, AI)2 alloys, without any compromises in their 
intermediate and high temperature oxidation resistance (Stergiou et al., 1997). 
Aluminium, has also been reported to improve the creep resistance of monolithic 
MOSi2 (Sadananda et al., 1999). Stergiou (1996) measured a small decrease in the 
hardness of Mo(Si, AI)2multipliase alloys, but overall no dramatic change in the 
plasticity of the compound has been reported. 
Work on molybdenum silicides other tl1anMOSi2 is much more limited. 
MO5Si3 is the other compound of the Mo-Si alloy system that has been studied 
extensively owing to its very high melting point (2453 K), and good creep re- 
sistance (its compressive creep rate is an order of magnitude lower than that 
Of MOSi2). Another advantageOf M05Si3 is its small compositional homogene- 
ity range, which givesMO5Si3 an increased alloying potential relative to MOSi2" 
which is a line compound. The major disadvantagesOf M05Si3 are its low ox- 
idative stability at moderate and high temperatures, its high brittleness and its 
high thermal expansion anisotropy (Berkowitz-Mattuck and Dils, 1965, Chu et al., 
1999a). 
Improving the oxidation resistanceOf MO5Si3has been the main priority so 
far, and small boron additions are considered to be very promising in this direc- 
tion (Meyer and Akinc, 1996a, b). The success of these first experiments led to 
an increased interest in boron containing molybdenum silicides, and the Mo-Si-B 
system became the subject of several studies recently (Nunes et al., 1997,2000, 
Fan et al., 2000). Properties of ternary multiphase alloys in this system other than 
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oxidation resistance, are also starting to attract interest: the creep behaviour of 
M05Si3-MO3Si-Mo5SiB2andMO-MO3Si-Mo5SiB2alloys have been studied by Ak- 
inc et al. (1999) and Schneibel et al. (1999), with the results indicating that boron 
additions do not affect the excellent creep behaviour of the alloys. 
Multiphase microstructures in molybdenum silicides, combining the different 
propertiesOf MOSi2, M05Si3andMO3Siinasingle alloy, have been produced and 
their mechanical properties have been evaluated. TheM03Si-MO5Si3 (Misra et al., 
1999) andMOSi2-MO5Si3 (Mason and Van Aken, 1993, Mason et al., 1995, Srini- 
vasan and Schwarz, 1992) alloys have been studied. Details about the results of 
these studies can be found in section 2.5.2. To date, there have been no reports on 
the effects of Al additions on the propertiesOf M05Si3andM03SL 
With the exception of phase equilibria studies in the Mo-Al alloy system, 
molydbenum alun-dnides have received little attention. Maruyama et al. (1991) 
and Kodash et al. (1990) have studied the oxidation resistance0f M03Al, M03AI8 
and MoAl4powders (see section 2.6). 
Despite the importance of Al inMOSi2alloy development, a controversy still 
exists around the Mo-Si-Al phase equilibria; the existing isothermal sections con- 
tain numerous inaccuracies and inconsistencies. As will be discussed in detail 
in section 2.3.5, experimental data in this system is sparse and often contradic- 
tory. This necessitates the production of Mo-Si-AI alloys and the systematic study 
of their microstructures and phase equilibria. The work presented in this thesis 
is a study of molybdenum-silicon-alumunium alloys with compositions that do 
not belong on the Mo(Si, AI)2 line. The aim was to contribute experimental data, 
which together with an accurate thermodynamic database (developed at the Uni- 
versity of Surrey in a parallel project), will provide a reliable description of the 
Mo-Si-Al ternary phase equilibria. Since the alloys under study are targeted for 
high-temperature applications, their environmental behaviour is also of great im- 
portance. Oxidation studies of Mo-Si-Al alloys were therefore undertaken, in 
order to determine the behaviour of molybdenum aluminosilicides. Finally, an 
attempt was made to study the alloying behaviour of Mo, Si and Al at the elec- 
tronic level when they formMOSi2 andMOSi2+Al. A relatively new approach, 
different from the theoretical ab-initio calculations, was used. This approach is 
a combination of experiment and theory and has never been used before in this 
system. 
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2.3 Phase equilbria and structure of molybdenum a- 
luminosilicides 
2.3.1 The Mo-Si binary phase equilibria 
The earliest study of the phase equilibria in the molybdenum-silicon system, en- 
compasing the whole composition range, was carried out by Kieffer and Cer- 
wenka (1952). X-ray diffraction, metallography and melting point determination 
of hot-pressed and heat treated Mo and Si powder compacts were used, and three 
intermetallic phases were detected: M03Si . MOSi2andMO3Si2. The crystal struc- 
ture of the latter could not be determined, but a eutectic reaction was found be- 
tween this phase andM03Si at 19261C and 32.4 at% Si. 
A more systematic assessment of the Mo-Si phase equilibria was made by 
Svechnikov et al. (1971). Very pure Mo and Si were melted under an argon atmo- 
sphere and the alloys were analysed using X-ray diffraction, metallography and 
a specially constructed high temperature differential thermal analysis apparatus 
that was calibrated up to 24500C. The presenceOf M05Si3was confirmed instead 
Of M03Si2, and its crystal structure and lattice parameters were determined. A 
small homogeneity range was also found for this phase, ranging from 36.83 to 
40 at% Si. It was proposed that it melts congruently at 21801C. The position of 
the eutectic reaction betweenM03Si andMO5Si3was also moved to 20200C and 
26.4 at% Si. Besides these corrections, the data of the two studies were in good 
agreement. 
Gokhale and Abbaschian (1991) carried out the most recent evaluation of the 
Mo-Si system, based mainly on the data of Svechnikov et al. (1971). The results 
of other studies, concerned with the structure, the solubilities and the thermo- 
dynamic properties of all the phases, were also taken into account. The diagram 
proposed by them is presented in figure 2.1 and its main features are summarized 
in table 2.2. The following stable phases are present: 
The liquid, L. It should be noted that the liquidus in the system is partially 
speculative, as indicated by the dotted lines in figure 2.1. 
o The terminal solid soluti6n (Mo), with a maximum solid solubility of ap- 
proximately 4 at% Si at the peritectic temperature of 20250C. 
* The tern-dnal solid solution (Si), with negligible solubility. 
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Figure 2.1: The Mo-Si binary phase diagram (Gokhale and Abbaschian, 1991). 
Table 2.2: Equilibrium reactions in the Mo-Si system (Gokhale and Abbaschian, 
1991). 
REACTION REACTION TYPE TEMPERATURE 
(0c) 
COMPOSITION 
(at% Si) 
Mo='L Mo melting 2623 0 - - 
(Mo)+LN-ýM03% Peritectic 2025 4 25.72 25 
L', -M03Si+MO5Si3 Eutectic 2020 26.4 25 37 
M05Si3', -L Congruent 2180 37.5 - - 
L, -v--'-Mo5Si3+fl-M0Si2 Eutectic 1900 54 40 66.7 
P-MO%, ýL Congruent 2020 66.7 - - 
#-M0Si2N1-- a-MOSi2 Polymorphic 1900 66.7 - - 
L'T- a-MOSi2+(Si) Eutectic 1400 98.3 66.7 100 
Si, v ýL L 
Si melting 1414 100 1 - - 
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Figure 2.2: (a) The tetragonal unit cell of MoSi2; (b) The (110) planes in this unit 
cell. 
The cubic intermetallic phase M03Si. which decomposes peritectically at 
2025'C. 
The tetragonal intermetallic phase N405Si3, which melts congruently at 
2180'C. 
e The tetragonal intermetallic phase(t-"OSi2, which transforms to hexagonal 
ý-MO%at 1900'C with a congruent melting point at 20201C. 
2.3.2 The structure of molybdenum silicides 
MOSi2 
The crystal Structure Of MOSi2 is presented in figure 2.2a. It is a body-centered 
tetragonal C11b (t16) structure, with space group 14/mmm (no. 139) and lattice 
parameters a=0.3202 nm, c=0.7843 nm (cla = 2.45) (Gokhale and Abbaschian, 
1991). The Mo atoms occupy the (0,0,0) positions and each one has ten nearest Si 
neighbours (eight of them are first nearest and two are second nearest) and four 
Mo neighbours. The Si atoms Occupy the (0,0,0.333) positions and each one has 
five Mo nearest neighbours and five Si nearest neighbours at the same distance. 
The Si atoms in the (110) planes form hexagonal, graphite-like sheets with Mo 
at the centres of the regular hexagons (figure 2.2b). The C11b structure can be 
described as an ABAB stacking sequence of these hexagonal sheets in the [1101 
direction. 
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Figure 2.3: (a) The hexagonal unit cell Of MOSi2 and Mo(Si, AI)2; (b) The or- 
thorhombic unit cell of Mo(Si, AI)2. 
A high temperature form of molybdenum disilicide W-MOSWwas first re- 
ported by Svechnikov et al. (1971). This phase has a hexagonal close-packed C40 
(hP9) structure and belongs in the P6222 (no. 180) space group (figure 2.3a). Its la t- 
tice parameters were estimated to be: a=0.4642 nm and c=0.6529 nm (cla=1.41). 
The C40 structure is closely related to C11b and can be described as a different 
ABCABC stacking sequence of the same f 1101 planes (now f 00011 planes) in the 
same [1101 direction. Several studies of the hexagonal MoSi2have appeared in the 
literature since it was first reported. Although it is included in the Mo-Si phase 
diagram, there is uncertainty whether it is indeed an equilibrium phase. '3_MOSi2 
has been found to form mainly under non-equilibrium processing conditions, for 
example in molybdenum and silicon thin films, in plasma spray processed al- 
loys and in mechanically alloyedMOSi2powders. Annealing of such thin films 
and powders results in the irreversible transformation Of )3_MOSi2 to "_MOSi2- 
The overall trend of the reported phase selection studies therefore implies that, 3- 
MOSi2is most likely a metastable phase. Frankwicz and Perepezko (1998) studied 
the phase stability of C40- andC11b-MOSi2 at high temperatures and confirmed 
this conclusion. Liu et al. (2000) examined the free surface of an as-castMOSi2 
ingot and found a dendritic morphology characteristic of a tetragonal primary 
phase and indicative of the absence of aC11b to C40 polymorphic transforma- 
tion. Under these new findings, the accepted Mo-Si binary phase diagram was 
corrected by substituting the polymorphic transformation at 1900'C with a single 
Mo st 
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MOSi2-hne until the congruent melting at 2020'C. 
The structure of Mo(Si, AI)2 depends on the Al content. The C11b Structure 
is stable only up to very small Al additions. According to microstructural stud- 
iesOf MOSi2 containing small amounts of Al (Whiting and Tsakiropoulos, 1996, 
Costa e Silva and Kaufman, 1993), the maximum solubility of Al in tetragonal 
MOSi2 is about 2.5 -3 at%. On increasing the Al content, the tetragonal struc- 
ture of the ternary disilicide transforms to the hexagonal close-packed C40 struc- 
ture. This structure is stable with up to about 33 at% Al, above which Mo(Si, AI)2 
crystallises in the orthorhombic C54 (oF24, space group Fddd, no. 70) structure, 
which is closely related to C11b and C40 in that it is a different stacking sequence 
ACBDACBD of the same hexagonal sheets along the [110] direction. An orienta- 
tion relationship between the C40 and C54 structures was reported by Whiting 
and Tsakiropoulos (1996), when studying the ingot microstructure of an as-cast 
MOSi2+ 40 at% Al alloy. This relationship is described by 
(002)C54 11 (0001)C40 
(010)C54 11 (1210)C40 
(190)C54 11 (0110)C40 
The different planar stacking sequences of the C11b, C40 and C54 crystal struc- 
tures are described in figure 2.4. The (110) layers are stacked in such a way that 
a transition-metal atom is directly above the centre of a Si-Si bond in the plane 
below, thus allowing the transition-metal atoms to be spaced as far apart as pos- 
sible. Because Si-Si bonds in a layer can point in any of three directions, there are 
three equivalent ways of placing a plane above a neighbouring plane. Varying 
the order of planes defines the three related structures. 
In the C11b structure, transition-metal atoms in the B layer lie above Si-Si 
bonds along the bcc c-axis in the A layer (figure 2.4a), and the relationship of 
the third layer to the second is similar. This leads to an ABAB sequence that is 
analogous to the stacking sequence of close-packed planes in the hexagonal close- 
packed structure. In the C40 structure (figure 2.4b), the relationship between the 
first and the second layers is AB as in C11b, but in the third layer (C) transition 
metal atoms lie above Si-Si bonds in the B layer, which are rotated by 120 degrees 
relative to those in the A layer. A similar rotation on passing from C to the fourth 
layer makes the latter A, yielding an ABCA sequence analogous to the sequence 
of closest-packed planes in the face-centered cubic structure. The C54 structure 
contains similar 120 degree rotations, except that in moving from the third to the 
CHAPTER 2: Literature Review 
A° 
B° 
A° 
Boundaries of bee subccU 
bcc c- %, Is 
(a) 
n 
Ao 
co 
Bo 
Ao 0"- Hexagbnal 
c-axis 
(b) 
WO` 
c. oe 
lý5ý 
ic 
c-axis 
(C) 
20 
Figure 2.4: Planar stacking sequences in (a) tetragonal C11b, (b) hexagonal C40, 
(c) orthorhombic C54 crystal structures (Carlsson and Meschter, 1991). 
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fourth layer, the rotation is by -120 degrees yielding an ACBD stacking sequence 
(figure 2.4c). 
Each of the atoms in the C11b, C40 and C54 structures has ideally 14 nearest 
neighbours. Each transition-metal atom has 10 Si neighbours and 4 transition- 
metal neighbours, while each Si atom has 5 transition-metal neighbours and 9 Si 
neighbours. Interestingly, for the simpler stacking sequences (C11b and C40), Si 
atoms remain closely bonded in sheets normal to the stacking plane. Only for the 
C54 structure, with all the equivalent stacking positions used, is the Si-Si chain 
interrupted with refractory-metal atoms. This breaking of the Si-Si chains implies 
increased metallic character and may be given as a simplistic reason for increased 
alloying potential in the disilicides with C40 and C54 structures. 
M05Si3 
MO5Si3has the body-centered tetragonal D8.. (t132) crystal structure and belongs 
to the I4/mcm space group (no. 140), with lattice parameters a=0.9648 run and 
c=0.491 nm. The Mo atoms occupy the (0,0.5,0.25) and (0.074,0.223,0) positions, 
while the Si atoms occupy the (0,0,0.25) and (0.17,0.67,0) positions. Figure 
2.5 presents the unit cellOf M05Si3. A feature that distinguishes this tetragonal 
structure from the oneOf MOSi2, is the fact that its a-lattice parameter is larger 
than its c4attice parameter (a/c--2). Furthermore, it has no close-packed planes. 
The -Si-Mo-Si- chains are along the [1001 and [010] directions, while the -Mo- 
Mo- and -Si-Si- chains are along the [001] direction (exactly the reverse holds for 
MOSi2)- 
M03Si 
M03Si has the A15 (cP8) cubic crystal structure and belongs to the Pmýn space 
group (no. 223), with a lattice parameter a=0.489 nm. The Mo atoms occupy the 
(0.25,0,0.5) positions and the Si atoms the (0,0,0) positions. This structure is 
presented in figure 2-6. Its main characteristic is that the atoms of molybdenum 
form three orthogonal chains which criss-cross the bcc arrangement of the silicon 
atoms, i. e. form along the <100> directions. The A15 structure is considered 
to be the simplest of the topologically close-packed (TCP) structures, which by 
definition do not have octahedral interstitial sites. 
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The phase equilibria of the Mo-Al system have been the subject of numerous 
studies over the last forty years. The reason for this lies in the complexity of 
the system wl-dch includes many phases and reactions. Most of the efforts have 
focused on the Al-rich part of the diagram, where there are several intermetal- 
lic phases present, each formed by a peritectic reaction between the liquid and 
the adjacent intermetallic Phase. There is still some uncertainty concerning the 
stability and the exact sequence of reactions involving the Al-rich intermetallic 
compounds. The exact nature of the high-temperature reactions and the phases 
involved is also not completely resolved. The latest phase diagram has been pro- 
posed by Saunders (1997) and is based on a review of previous diagrams and of 
original data, as well as on thermodynamic calculations. This diagram is shown 
in figure 2.7 and the reactions included in it are summarized in table 2.3. Besides 
the terminal solid solutions, there are seven intermetallic phases present: 
M03AI: This phase is the most Mo-rich compound of the system and has the 
same crystal structure as M03SL Its lattice parameter is a=0.495 run, very 
close to that Of M03SL Measurements carried out by Rexer (1971), S1-dlo 
and Franzen (1982) show that it has a distinct range of homogeneity. It 
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Table 2.3: Equilibrium reactions in the Mo-Al system (Saunders, 1997). 
REACTION REACTION 
TYPE 
TEMPERATURE 
(0c) 
COMPOSITION 
(at% Mo) 
A17"L Al melting 660.45 - 0 
L+AI12MO-T--'-. (Al) Peritectic 661 0.03 7.7 0.64 
L+Al5MoT'-AI12MO Peritectic 700 0.07 16.7 7.7 
L+Al4MoT'-AljjMo Peritectic 735 0.10 20.0 16.7 
L+Al8M03, 'v-A14Mo Peritectic 1130 -3.0 -25.5 20.0 
MoAl-v'-Al8M03+AlMO3 Eutectoid 1470 50 -28.7 72.5 
A163MO37, 'v-Al8MO3+AlMo Eutectoid 1490 37 -28.6 49.5 
L='A18M03+AlG3M037 Eutectic 1535 28.5 -27.8 37.0 
LT1-A18M03 Congruent 1577 - 27.3 - 
L+AlMo'T-Al63M037 Peritectic 1570 -35.0 48.0 37.0 
L+AIM03 -v "AlMo Peritectic 1720 45.0 73.0 54.0 
L+(Mo)=--AIM03 Peritectic -2150 -65.0 -79.5 75.0 
Mo"T-L Mo melting 2623 - 100 - 
decomposes peritectically at 21501C. 
MoAl: This phase has the bcc A2 structure, and is basically an extension 
of the (Mo) solid solution (which has the same structure) into more Al-rich 
parts of the diagram. Even though Rexer (1971) reported that it melts con- 
gruently, the thermodynamic calculations of Saunders showed that decom- 
position of MoAl occurs via a peritectic reaction at 1750'C. 
M037AI63: This is a high temperature phase, which has been reported by 
Rexer (1971) to have a range of stability only between 1490 and 15701C. The 
structure of this compound remains unknown. 
M03A18: This phase melts congruently at --15770C. At lower temperatures it 
has a distinct homogeneity range from --25 to 31.5 at% Mo. Its crystal struc- 
ture is presented in figure 2.8a. It is a monoclinic structure (mC22), with a 
C2/m symmetry (space group no. 12), and lattice parameters a=0.9208 nin, 
b= 0.36378 nm, c=1.0065 run, P=100'47' (Forsyth and Gran, 1962). 
e MoA14: This is also a monoclinic phase (mC30, space group Cm) with lattice 
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parameters a=0.5255 rim, b=1.7768 nm, c=0.5255 run, P=100'53'. It is a line 
compound that decomposes peritectically at 1130"C. 
MoAI5: This phase has a hexagonal crystal structure (hP12, space group 
P63) and its lattice parameters are a=0.489 nm, b=0.88 nm.. Its decomposition 
occurs at 7351C. 
MoAI12: This is the richest in Al intermetaffic compound of the Mo-Al sys- 
tem. It has a cubic structure (c126, space group Imý) with a=0.75877 nm. It 
decomposes peritectically at 700'C. 
The solid solubility of Mo in Al is negligible. On the other hand, Mo can 
take substantial quantities of Al in solid solution mainly at temperatures above 
1000'C, but the exact solvus line is uncertain. Evidence about it exists only in 
the temperature range of 1200 to 18000C, from the studies of Rexer (1971), Shilo 
and Franzen (1982). It has been proposed (Brewer and Lamoreaux, 1980) that the 
maximum solubility can be up to 20 at% at 21500C. The structure of Mo is bcc A2 
(c12) and belongs to the Pmým space group (no. 229), with a lattice parameter of 
a=0.3147 nm. 
In a study by Schuster and Herbert (1991), which was undertaken after Saun- 
ders had proposed the above phase diagram, two additional intermetallic phases 
were found to exist between MoA15 (16.67 at% Mo) and MoA14 (20 at% Mo). 
These are the MozjA122 (18.52 at% Mo, temperature range 831<T<9640C) and 
M04AI17 (19.05 at% Mo, exists below 10341C) phases, which had been included in 
an older version of the binary phase diagram by Brewer and Lamoreaux (1980). 
No structure was proposed for these phases. Schuster and Herbert also claim 
that the melting point of MoA15 is 8461C, and that two additional trigonal crystal 
structures of MoA1,5 exist at lower (<6481C) and intermediate (<8001C) tempera- 
tures, with space groups 0c and P3 respectively. The hexagonal form accepted 
by Saunders is claimed to be the high temperature form of the compound. 
2.3.4 The AI-Si binary phase diagram 
Al-Si is a simple eutectic system between two solid solution phases. The (Al) 
solid solution has the fcc structure with a maximum Si solubility of 1.5 at% at the 
eutectic temperature, which decreases to 0.05 at% at 3000C. The solubility of Al 
in Si is negligible. The phase diagram is shown in figure 2.9 and the equilibrium 
reactions in table 2.4. 
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Figure 2.8: The unit cells of (a) monoclinic M03AI8. (b) monoclinic MoA14 . 
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Figure 2.9: The AI-Si binary phase diagram (Massalsld, 1986). 
Table 2.4: Equilibrium reactions in the Al-Si system (Massalski, 1986). 
REACTION REACTION TYPE TEMPERATURE COMPOSITION 
(1, C) (at% Si) 
L'T-(Al)+(Si) Eutectic 577 1.5 12.2 100 
AIT'L Al melting 660.45 0 - - 
Sill; -'-L Si melting 1414 100 - - 
27 
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2.3.5 The Mo-Si-AI temary phase equilibria 
The first systematic work on Mo-Si-Al intermetallic alloys was carried out in the 
late 1950s and early 1960s by BrukI and Nowotny (Nowotny and Brukl, 1960, 
BrukI et al., 1961a, b, 1963). Their studies included phase equilibria, structures and 
oxidation properties of ternary alloys, and were performed using X-ray diffrac- 
tion and radiography. The alloys were prepared either by hot pressing, or by 
melting under argon inSi02and A1203crucibles inside a high-frequency induc- 
tion furnace. The compositions investigated were on sections with constant Mo 
concentration: 75 at%(M03Si-MO3Al), 62.5 at%(MO6Si3-"'Mo5Al3"), and 33.3 at% 
(MOSi2_MOAl2) (Nowotny and Brukl, 1960). Alloys, where Mo varied between 
33.3 and 100 at% outside these sections, were also studied (Brukl et al., 1961a). 
The results of this work were important. The Mo(Si, AI)2compounds with the 
C40 and C54 structures were identified for the first time as ternary equilibrium 
phases. The lattice parameter variation of these compounds with Al content was 
established and became the basis for understanding the way Al substitutes for 
Si in molybdenum disificide (see chapter 5). The dependence of lattice parame- 
ters on Si content along theM03Si-MO3AI section was also found, while for the 
ternaryM05%-base solution with the highest Al concentration, the following val- 
ues of lattice parameters were determined: a=0.9691 run, c=0.4921 run. Brukl and 
Nowotny proposed the first isotherm of the Mo-Si-Al ternary system at 16001C 
(figure 2.10). According to the authors, this isotherm is not strictly a constant 
temperature section of the phase diagram but rather a combination: the Mo-Si 
edge does indeed represent the equilibrium phase fields existing at 1600'C, but 
on the Al-Mo side, the equilibria presented is more relevant to 13000C. This was 
due to the fact that upon heat treatment at 16001C liquid was observed to form in 
Mo(Si, AI)2 alloys with Al exceeding 33 at%. This was taken as evidence that the 
melting point of the C54-Mo(Si, AI)2phase is lower than 16001C. 
A comparison of the Al-Mo side in the isotherm of BrukI and Nowotny with 
the latest Al-Mo binary phase diagram shows that several inaccuracies are in- 
corporated in it. The MoAl2phase has not been confirmed by any study and 
therefore is not accepted to exist as an equilibrium or metastable phase. MoA13 
has been replaced byM03Al8twhile the other phases (MoA14, MoAI5, MoAI12) 
decompose below 11501C. Therefore, Guzei (1993) corrected this isotherm by in- 
cluding the high temperature phaseM037AI63in the Al-Mo side (figure 2.11). The 
next attempt to address the problems of the BrukI and Nowotny isothermal sec- 
tion was made by Yanagihara et al. (1993). They produced an isothermal sec- 
tion at 15500C by drawing three phase fields betweenM03AI8, MoAI, MO5Si3, 
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Figure 2.10: Isothermal section (T=16000C) of the Mo-Si-, kl ternary phase dia- 
gram, as proposed by BrukI et al. (1961a). 
andM03Si, replacing in this way the "MoA12""phase (figure 2.12). They also ex- 
cluded the C54 phase. The presence of these new phase fields and the absence of 
C54, however, are purely hypothetical since no experimental data exist to confirm 
them. This is the major qrawback of the Yanagihara isotherm, which nonetheless 
has made a very interesting contribution on the Mo-Si side of the system. This 
contribution is the proposal of a new set of tie lines between the C40 and the T1 
phases, which seem more plausible than the ones drawn by Brukl and Nowotny. 
Costa e Silva and Kaufman (1997) modeled the Mo-Si-AI system using ther- 
modynamic calculations. Their experimental studies were focused on producing 
MOSi2-matrix composites with aluminium additions using powder processing 
routes (hot-pressing). Since the region of immediate interest for producing such 
composites is near the Mo-Si side of the system, more emphasis was given on the 
phase equilibria in this area. The modelling procedure included: a) a simplified 
Al-Mo binary phase diagram with no account of phases richer in aluminium. than 
M03AI8, b) the C54 phase withXSi1-'rAI= 3/2 and c) a two and a three sublattice 
model for the C40 and T1 phases. The 14001C isothermal section that they pro- 
duced using the three sublattice model and their experimental results, is shown 
in figure 2.13. According to this isotherm there is a considerable range of com- 
positions of T1 in equilibrium with C40 at this temperature, as opposed to the 
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Figure 2.13: Isothermal section (T=1400'C) of the Mo-Si-Al ternary phase dia- 
gram, as proposed by Costa e Silva and Kauftnan. (1997). 
single point from which all tie-lines emanate in the BrukI and Nowotny isotherm 
(16001C). This is in agreement with the Yanagihara isotherm, and the only dif- 
ference is on the aluminium solubility range in T1 which was proposed to be 
smaller. 
The last published contribution to the ternary system came by Eason et al. 
(1998), who produced seven alloys near the terminal ends of the C40, C54, T1 and 
M03A18phase fields by compressing Mo, Al, Si powders uniaxially under argon 
at 1100 and 14001C. This was the first time that alloys near the Mo-Al edge of 
the system were examined and the results produced a revised isothermal section 
at 14000C (figure 2.14). The three phase fields proposed by Yanagihara were not 
confirmed. On the contrary, the Tl+M03AI8+C54, and T1+M03A18phase fields 
were established in accordance to BrukI and Nowotny (and with "MoA12" being 
replaced byM03AI8)- The T1 phase was also found to deviate from the stoichio- 
metric 5-3 ratio, having a Mo content of 63.1 at%. Verifying the existence of the 
C54 phase at 14000C could not be taken as evidence that this compound does 
indeed exist at higher temperatures (1550 or 16001Q. Therefore, the Yanagilýafa 
isotherm was not disputed directly on this point. However, data from Stergiou 
(1996) show that C54 is stable at 1600'C. 
In conclusion, the above review of the published assessments of the molybde- 
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proposed by Eason et al. (1998). 
num - silicon - aluminium ternary system shows that, even though some progress 
has been made since its first evaluation, there remains controversy and uncer- 
tainty over several aspects of the phase equilibria. This is partly due to the ab- 
sence of thermodynamic data for the ternary Mo., (Si, AI)y phases, and partly due 
to the sparsity of experimental data providing evidence about phase boundaries 
and solubilities. Such data are essential for the development of an accurate ther- 
modynamic database and the production of reliable isothermal sections and liq- 
uidus projections. 
2.4 Processing of Mo-Si-Al alloys 
Intermetallic alloys can be produced using a variety of processing routes. These 
range from the classic melting and casting methods, to hot pressing, reactive 
synthesis, mechanical alloying, melt-spinning and thermal spraying. The main 
difficulty associated with the processing of intermetallic compounds is their xý 
strictive stoichiometry limits, which make precise compositional control a cru- 
cial requirement. Their high melting points and low temperature brittleness also 
add problems, both in the production and in the subsequent mechanical working 
of the alloys. In this section, the different ways in which molybdenum alumi- 
Atomic % 
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nosilicides have been produced until now will be reviewed. Details about clean 
melting and rapid solidification using melt-spinning will also be discussed, since 
these are the processing routes that were employed in the present study. 
2.4.1 Clean melting 
The most common method used for producing alloys is melting pure metals to- 
gether in a crucible. At the high temperatures involved in the melting and casting 
of intermetallics, problems such as oxygen contamination and reactivity between 
molten metal and crucible become very important. In inten-netallics there are 
strict requirements for precise compositional control and firnited contamination 
by impurities. The former is necessary if the desired compound is to be produced 
in a monolithic form; the latter is essential due to the unknown, or in many cases 
(e. g., titanium aluminides) detrimental effect that impurities have on the phase 
selection and the properties of an alloy. For this reason, techniques have been 
developed where melting takes place under vacuum or in an inert gas atmo- 
sphere (clean melting). Vacuum induction melting and vacuum arc consumable 
remelting are two examples of processes that have been used for the production 
of nickel-based superalloys and intemetallic alloys. 
In order to reduce the levels of reaction and contamination even further, a 
number of cold-hearth melting techniques have been introduced. Examples in- 
clude vacuum or inert gas non-consumable electrode arc melting, electron beam 
and plasma arc melting. The main feature of these techniques is the cooling of 
the crucible with water in order to, a) ensure that no reactions will take place 
with the liquid metal and b) establish a higher thermal gradient which will lead 
to faster cooling and reduced macrosegregation phenomena. The way that this 
is done is through the formation of a layer of solid metal between the melt and 
the water-cooled crucible surface (figure 2.15). This layer resembles a skull and its 
thermal resistance determines the thickness of the layer and controls the heat flux 
from the melt towards the crucible. A columnar structure is the common feature 
in cold-hearth melted ingots due to the solidification pattern induced by the cold 
walls of the mould and the prevailing thermal gradients. High thermal* gradients, 
in combination with the brittle nature of intermetallic alloys, very often result in 
severe cracking of the ingots. 
Additional difficulties associated with the clean melting of intermetallics are 
the evaporation of a constituent phase and control of the ingot microstructure 
during solidification. When refractory metal silicides and alurninides are being 
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Figure 2.15: Schematic of skull formation during cold-hearth melting. 
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melted, preferential evaporation of silicon or aluminium occurs. This is due to 
the large difference in the melting points of the elements, which means that at the 
very high temperatures required for melting the refractory metal (eg. 26230C for 
Mo) the vapour pressures of silicon and aluminium. will be high. As a result losses 
of these elements from the melt occur, leading to deviations from the nominal 
composition of the alloy. Control of such losses is very difficult and they can 
only be minimised by melting under high inert gas pressure using a plasma heat 
source. Besides evaporation, segregation is encountered in all cast intermetallic 
alloys, particularly when peritectic reactions occur or when the densities of the 
constituent phases show large differences. This effect is somewhat reduced by 
stirring the melt effectively and by decreasing the scale of the n-dcrostructure via 
higher cooling rates imposed from a water-cooled crucible. 
Stergiou (1996), Pitman (1996), Whiting and Tsakiropoulos (1996) produced 
MOSi2-and. NbSi2-based alloys (including Mo-Si-AI alloys) using plasma arc clean 
melting. They reported very low impurity levels, with02<100 ppm and H2<5 
ppm. Accurate control of the composition of the alloys was very difficult, and de- 
viations up to 2 at% from the nominal compositions were reported. In the casds 
where the aim was to produce monolithic line compounds (eg. MOSi2). the in- 
got microstructures were found to contain an additional small volume fraction of 
other phases. The formation of these phases was attributed to the aforementioned 
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difficulties in compositional control. Another common feature of the alloys pro- 
duced in this way was cracking; this is the result of shrinkage during cooling, 
of the high thermal gradients present in the ingot, and of the highly anisotropic 
coefficient of thermal expansion of the alloys. 
An overview of the numerous studies that have appeared in the literature 
concerning the phase equilibria and properties of molybdenum silicides and mo- 
lybdenum aluminosilicides shows that clean melting is commonly used for the 
production of these alloys (Yi et al., 1998, Yanagihara et al., 1995, Nunes et al., 
2000, Nfisra et al., 1999,2000). The preferred technique is non-consumable elec- 
trode plasma arc melting under argon or a vacuum. 
2.4.2 Powder processing routes 
The high melting points and the brittleness of molybdenum silicides, together 
with the inherent disadvantages of the conventional melting techniques, such as 
segregation, large grain size and cracking, have naturally led to a widespread 
use of powder processing routes. A list of such techniques is given in table 2.5. In 
general, it is not difficult to fully densify silicide intermetallics by powder tech- 
niques, particularly when secondary processing is involved. The combination of 
two or more processes is very frequently used, and it is in fact rather unusual to 
find accounts of processing involving only one major technique. Production of 
fully dense materials (with quite complex shapes in some cases), and control of 
the grain size through the initial powder characteristics, have made these tech- 
niques very attractive. Near net shape capabilities, which eliminate the need for 
subsequent machining and deformation, are also an advantage of PM techniques, 
making them particularly suitable for the brittle intemetallics. 
A major problem, however, is the inevitable contamination by impurities, 
mainly oxygen. High oxygen contents, exacerbated when fine powders are used, 
result in the formation of amorphous silica at grain boundaries, triple points, or 
even within the grains during consolidation. After consolidation this amorphous 
silica phase exists as discrete particles, which are suspected to be detrimental to 
the mechanical properties by serving as potential crack nucleation sites that ulti- 
mately degrade the room temperature and toughness. The elevated temperature 
properties may also be degraded by the silica because of its relatively low soft- 
ening temperature (-1250'C). Due to the difficulty in controlling precisely the 
amount of silica present in the n-dcrostructure while maintaining the other fea- 
tures (such as the grain size) constant, it has been difficult to establish exactly 
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Table 2.5: Powder metallurgical techniques. 
(Pressure assisted processes) 
Hot pressing 
Hot isostatic pressing (I-HPing) 
Hot extrusion 
(Reactive processes) 
Reactive sintering 
Displacement reactions 
Combustion synthesis 
Injection molding 
Mechanical alloying 
Thermal or plasma spraying 
the manner in which it affects the properties of the material. The work of Maloy 
et al. (1991) and Jayashankar et al. (1997) onMOSi2-based alloys, however, helped 
confirm the detrimental effectsOl Si02, which are now generally accepted. 
Pressure assisted techniques 
Hot pressing (HP) and hot extrusion involve heating of either elemental or com- 
pound powders in a die held under uniaxial pressure to densify and deform the 
material. They are simple and inexpensive techniques, but are limited in terms of 
their ability to produce complex shapes. Hot isostatic pressing (HIP) on the other 
hand, consists of applying pressure on a powder compact from all directions at 
high temperatures, and although more elaborate and costly to operate, it pro- 
vides advantages such as higher densit3ý uniform grain structure and ability to 
achieve very complicated shape products. It can be employed as a primary con- 
solidation method, or it can serve as a secondary process to complete a reaction 
or improve the density obtained by other processes such as HP or rapid solidi- 
fication. High temperatures and long process times are usually necessary when 
pressure assisted techniques are employed, due to the slow diffusion kinetics that 
characterise intermetallic compounds. 
Hot isostatic pressing is, together with hot pressing, the most widely used 
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techniques for the production of molybdenum silicides via powder metallurgy 
(PM). Both have been successfully used to produce monolithic MOSi2, as well as 
alloys and composites based onMOSi2 (Stoloff, 1999). Typical temperatures used 
for the consolidation0f MOSi2 andMOSi2-composites via HP are in the range 
of 1600-19001C. In the case of HIP these temperatures are somewhat lower, and 
range between 1350 and 17001C. BesidesMOSi2, hot pressing has been employed 
in order to produce other Mo-Si alloys, such asMOSSi3 (Bartlett et al., 1965) and 
(MO, Cr)3Si (Raj, 1995). In the former case the temperature was 14001C, while in 
the latter a two stage procedure was followed: first, compound powders were 
hot pressed in a graphite die at 1500'C under a stress of 31 MPa for 6 hours in 
argon, before being subjected to HIPing at 1500'C under a pressure of 310 MPa 
for 2 hours. 
For the production of Mo-Si-Al alloys, hot pressing combined with displace- 
ment reactions during consolidation has been the main PM processing route. The 
idea started fromMOSi2, where a third element was introduced in order to react 
with the silica and reduce it during consolidation, forming solid-state reaction 
products and essentially producing composite microstructures. Carbon was the 
first such "deoxidant" element to be used, and led to the formation of SiC and 
MO5Si3C, as well as the evolution of CO gas. Since the production of gaseous 
reaction products introduces the issue of evolving these products, other elements 
were sought for the reduction of silica. Among the criteria for the selection of 
deoxidants were the relative stabilities of the product oxide versus the reactant 
silica, the potential influence of the product oxide on the resulting microstruc- 
ture and properties, the softening point of the product phase, and the anticipated 
reaction kinetics. Aluminium was found to be the most effective deoxidant. Ac- 
cording to studies carried out by Costa e Silva and Kaufman (1993) and Mitra. 
et al. (1999), silica is fully reduced - with 
Al additions as low as 2.8 at% 
(1.5 wt%). Mitra et al. (1999) showed that vacuum hot pressedCllb-MOSi2with 
8-9 vol%Si02 transforms to eitherC11b-MOSi2+Al, or C40-Mo(Si, AI)2 andC11b- 
MOSi2+Al with 8 vol% A1203, depending on the initial amount of Al. Zhang et al. 
(1999a) found that the lowest content of Al necessary for full reduction of silica 
is 5 wt%. The difference between this last study and the previous ones shows 
that the limit Al content depends strongly on the initial oxygen contamination 
of the powders. The n-dcrostructures of the ternary alloys examined by Zhang 
et al. (1999a) also contained Si, as a product of the reaction between the excess 
Al andMOSi2. For higher Al contents (--27 at%), Zhang et al. (1999b) reported 
the formation of Mo(Si, AI)2with very small A1203inclusions. Production of Mo- 
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Si-Al ternary alloys away from theMOSi2hne has been reported only by Eason 
et al. (1998), who used hot uniaxial compression of mechanically blended pow- 
ders under argon atmosphere. The heating cycle consisted of a primary heating 
at 11000C for 1 hour without pressure, followed by heating at 14000C for 3 hours 
under a pressure of 47 MPa. A small percentage of process-induced oxides was 
found in the alloy n-dcrostructures, but no data is given about the nature and the 
exact quantity of these oxides. 
Mechanical alloying 
Another powder processing route, which has been used for the production of 
molybdenum silicides, is mechanical alloying (MA). This is a solid state process, 
typically carried out in a high energy ball mill under a controlled atmosphere, 
that may involve either pre-alloyed or elemental powders. Mechanical alloying 
takes advantage of the atomic level mixing accomplished by the intense mechan- 
ical working of the alloy constituents. This reaction occurs sporadically and is 
initiated and propagated without the formation of a liquid phase. Attributes of 
MA include extension of solid solubility limits, refinement of the microstructure 
down to nanoscale, synthesis of novel crystalline or amorphous phases, as well as 
ability to induce chemical reactions at relatively low temperatures (Stoloff, 1999). 
After mechanical alloying, the resulting compound powders are consolidated us- 
ing sintering or one of the pressure assisted techniques. 
Hardwick et al. (1993) have producedMOSi2from elemental powders by me- 
chanical alloying. High oxygen levels (>1 %), resulted in a high fractionOf Si02 
particles. On the contrary, Schwarz et al. (1992) have shown thatMOSi2with low 
oxide content (310 ppm by weight) can be produced by MA, with careful han- 
dhng of the powders in order to avoid coming in contact with air. To this end, 
the ball mill was placed inside an argon-filled glovebox, where the loading of the 
dies also took place, before transfer to the furnace for immediate consolidation. 
For none of the studied alloys (which also includedMOSi2-MOj5Si3 Compositions) 
did the phases observed in the as-mechanically alloyed powders agree with the 
corresponding equilibrium phase diagram (for example, the MoZjSi3phase was 
not found in any alloy), and increased solid solubilities of Si in Mo and inMOSi2 
were observed. After annealing of the powders, thermodynamic equilibrium was 
established. Consolidation of the powders gave very dense products (97% of the 
theoretical density) and fine scale microstructures (3-10ym grain size). In another 
recent study, Al-Mo alloys with atomic composition A175MO25were synthesized 
using mechanical alloying (Enzo et al., 1999). An extended Mo(Al) solid solution 
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was found to fonn, which upon annealing transformedtO 
M03AIB. 
Combustion synthesis 
Combustion synthesis, also known as n-dcropyretic synthesis, or self-propagating 
high-temperature synthesis (SHS), has recently received extensive attention as 
a novel processing technique for preparing many refractory materials, includ- 
ing molybdenum silicides and alun-dnosilicides. The underlying principle of this 
technique is the ability of exothermic reactions to sustain themselves by using 
the heat of formation of the products, which is released during the reactions. 
Two different modes for the combustion process are commonly used, namely the 
wave-propagation mode and the thermal-explosion mode. In the former, the re- 
actions are initiated at a point on the powder compacts by an external heat source. 
Once ignited, a combustion wave is established and it self-propagates across the 
compact to complete the reaction. In the thermal-explosion combustion mode, 
the powder compacts are inserted into a furnace to initiate the reactions. These 
reactions start more or less simultaneously at all points on the compacts. Since 
the sample heating rate and the thermal environment in these two modes are dif- 
ferent, the sample ignition and combustion will be different, affecting the final 
product density. The parameters that characterise the combustion process are the 
ignition temperature, combustion temperature and combustion wave velocity. 
Investigations on the synthesis of molybdenum silicides using elemental pow- 
ders have been reported by Zhang and Munir (1991), Deevi (1991), Chrysanthou 
et al. (1996). Mixtures of Mo and Si powders correspondingtO M03Sicould not 
be ignited even after preheating at 5000C. This was not the case for mixtures cor- 
respondingtO M05Si3 andMOSi2, where ignition and self-propagating synthe- 
sis were achieved with and without pre-heating respectively. While no single- 
phaseMO5Si3 could be produced (the reaction products were Mo, M05Si3 and 
MOSi2), single-phase MoSi2compacts were successfully produced with a density 
that ranged between 30 and 50%. Precompaction of the powders was proved 
to be crucial in obtaining a complete reaction and single phaseMOSi2. Reduced 
chemical and oxygen contamination in the synthesized material relative to the 
initial powders was found in all cases. The mechanism of consolidation0f MOSi2, 
according to Deevi (1991), Chrysanthou et al. (1996), includes melting of the Si 
and reaction of the liquid with the Mo particles to form the compound. 
Fu (1997), Fu and Sekhar (1998) have studied extensively the micropyretic re- 
actions in the Mo-Si-Al system by producing alloys on the Mo(Si, AI)2 StOichiO- 
metric line. Both combustion modes were used and the products includedMOSi2, 
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MO5Si3and Mo(Si, AI)2. The presence of Al led to a reduction in the combustion 
ignition temperature and to an increase in the intensity of the reaction relative to 
MOSi2. This means that the role of Al in the reaction of Mo and Si is that of a re- 
actant and not of a diluent; a Si-Al eutectic liquid forms around the Mo particles, 
thus promoting the compound formation. In the case of wave-propagating mode, 
the densities of the synthesized materials were found to be lower than those of 
the green compacts; this was attributed to the intrinsic volume change and to 
outgassing or evaporation owing to the high temperature reactions. In the case 
of thermal explosion mode, densities as high as -94% of the theoretical one were 
obtained, using furnace temperatures that were low enough to avoid rapid and 
non-uniform combustion initiation and high enough to achieve eutectic liquid 
formation. 
Combination of powder metallurgy routes and melting for the processing of 
molybdenum silicides has been reported in two recent studies. Kodash and Fer- 
gus (1999), in a study of the high-temperature oxidation of W- and Cr-alloyed 
Mo(Si, A1)2, blended elemental powders and synthesized the mixtures at 9000C. 
The material produced after synthesis was then arc-melted under argon atmo- 
sphere. Buttons of 99% density were produced. The reverse procedure was fol- 
lowed by Meyer et al. (1999): Mo-Si-B alloys for oxidation studies were produced 
by arc-melting pure elements, milling the resulting buttons, preforming and sin- 
tering at 18001C for 2 hours, and HIP-ing the product at 17500C under a pressure 
of 280 MPa. 
2.4.3 Rapid Solidification 
Rapid solidification (RS) generally refers to high rates of advancement of the so- 
lidification front, ie. the solid/liquid interface (typically >1 cm/sec). These rapid 
growth rates can occur for one of two reasons: 
1. High undercooling of the melt, which can be achieved either by slow cooling 
in the absence of efficient heterogeneous nucleants (bulk undercooling), or 
by rapid quenching (high cooling rates, over 101 K/sec). 
2. Rapidly moving temperature fields, as observed during surface treatment or 
welding by means of high power density sources such as lasers or electron 
beams. 
The effects of RS on the n-dcrostructures of materials can be classified into two 
categories. One of these, constitutional change, which includes extension of solid 
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solubility and formation of non-equilibrium phases, is highly system specific and 
is associated with the large departures from equilibrium that can result from the 
large melt undercooling applicable at the rapidly advancing solid/liquid front. 
The other effect, that of microstructural refinement and remorphologisation, is 
less system specific and results also from the short diffusion distances associated 
with the rapidly advancing solid/liquid front (Jones, 1990). 
The rapid solidification techniques can be classified according to the way 
rapid growth is achieved. Melt spinning and splat quenching involve high cool- 
ing rates which give high undercooling. Levitation melting involves slow cool- 
ing rates, but high undercoolings due to the absence of heterogeneous nucleants. 
Atomization is a widely used industrial process where rapid growth can occur 
due to any of these two reasons. Finally, laser surface treatment, electron beam 
resolidification and electron beam welding are based on rapid movement of tem- 
perature fields. 
Departure from local equilibrium 
During normal solidification conditions (liquidus slope m and partition coeffi- 
cient ko corresponding to equilibrium phase diagram), the rate of solid/liquid 
interface displacement V, is smaller than the rate of diffusion over an interatomic 
distance: V << DiIJi, where Di is the interface diffusion coefficient (smaller than 
the bulk liquid diffusion coefficient) and Ji is a length of interatomic dimensions 
which characterises compositional rearrangement at the solid/liquid interface. 
This means that the atomic movements at the interface will be rapid enough to 
permit at least local equilibrium, ie. equality of chemical potentials, to be estab- 
lished. At the other extreme, during rapid solidification conditions, the growth 
velocity becomes large (V >> Dj1Jj) and local equilibrium at the solid/liquid 
interface is no longer valid. The (kinetic) solute partition coefficient in this case 
approaches unity (k = 1), ie. the solute concentration is the same in the solid as 
in the liquid, since the atoms have no time to rearrange themselves in the inter- 
face so as to equalize the chemical potential in both phases. In between these two 
extremes certain limits exist, accompanied by different phenomena, each modify- 
ing the solidification behaviour of the alloy. Kurz and Trivedi (1994) summarized 
the whole range of growth velocities as follows (figure 2.16): 
(1) Localization of diffusion with respect to the size of the microstructure. At 
low solidification velocities the n-dcrostructural evolution follows the well-known 
d 2V =const. relationship, where the characteristic length of the n-dcrostructure d 
represents either A, the eutectic spacing, or R, the dendrite tip radius. Thus, d de- 
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Figure 2.16: Range of solidification velocities encountered in normal and rapid 
solidification processing and characteristic phenomena appearing in alloys under 
RS conditions (Kurz and Trivedi, 1994). 
creases in proportion to V-1/1. On the other hand, the boundary diffusion layer, 
I(, = 2, ýDIV (D is the solute diffusion coefficient in the liquid adjacent to the inter- 
face), decreases with V-'. At a critical growth velocity the diffusion field becomes 
shorter in its extent than the microstructural scale. Diffusion therefore becomes 
localized with respect to the microstructure when 2D/V < d, or when the corre- 
sponding Peclet number (P = Vd12D) becomes larger than unity. Typical values 
of this critical growth velocity are of the order of several centimeters per second. 
At the lower end of this range, growth occurs still with equilibrium partitioning 
of solute, which means that lateral microsegregation exists at the solid/liquid in- 
terface. As the upper end of the range is reached, there is a maximum growth 
velocity above which microsegregation-free solidification takes place. 
(2) Localization of diffusion with respect to the width of the interface. At 
high rates of interface movement, when the interface diffusion distance becomes 
comparable with the solid/liquid interface width (the latter being of the order 
of several atomic distances), local equilibrium at the solid/liquid interface is lost 
and "solute trapping" sets in. The corresponding critical velocity for this case 
falls in the range of meters per second. 
(3) Collision limit of atom attachment. When the interface, driven by atom 
attachment, reaches the velocity of sound, V0, the interface movement has reached 
its upper limit. This collision limit is of the order of kilometers per second. 
Rapid solidification therefore covers the range of growth velocities from 10' 
to I0: ' m/sec. 
10-5 10-3 10-1 lol 103 
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Figure 2.17: The variation of the solute partition coefficient with growth rate 
(Kurz and Fisher, 1992). 
Microsegregation-free solidification 
Nficrosegregation-free crystalline alloys can be produced at high rates of solid- 
ification by two mechanisms: steady state planar growth and partitionless so- 
lidification (k,, -+ 1) (Boettinger et al., 1984). At low growth rates, a transition 
from planar to cellular morphology occurs due to constitutional undercooling. A 
reverse transition from fine cells to a planar front is observed when the growth 
velocity becomes higher than the "absolute stability" velocity, given by the ex- 
pression 
Vab 
- 
AToD 
- 
ImlCo(l - k,, )D (2.3) 
k, r k2r v 
where ATO is the alloy freezing range at alloy composition Co, r (= u1S) is the 
Gibbs-Thomson coefficient, a is the solid/liquid interfacial energy, and S is the 
entropy of fusion of the solidifying phase. Absolute stability of a planar interface 
occurs because of the influence of capillarity, At high growth rates, there is only 
limited time available for diffusion, so lateral solute segregation in the liquid can 
only occur for perturbations of the solid/liquid interface with very short wave- 
lengths. These short wavelengths require such a large increase in the area of the 
interface that the perturbations are retarded by capillary forces, leading to the 
formation of a planar interface. 
The operative solute partition coefficient under rapid solidification conditions 
depends on the interface growth velocity with a relationship that was determined 
by Aziz (1982) as (figure 2.17): 
kv = 
ko + (JiVIDi) (2.4) 
1+ (JiVIDi) 
The concept of solute trapping is embodied in this equation. This is the situ- 
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ation where k, approaches unity, i. e. partitionless solidification takes place. V is 
then given by the expression: 
Vt ji 
(2.5) 
where Vt is the velocity for which k, = (ko + 1)/2. Both equations 2.3 and 2.5 de- 
fine limiting conditions for segregation-free solidification. For a typical situation 
where ATO increases and liquidus TL decreases with increasing CO, Vab Will also 
increase with Co. Vt, on the contrary, decreases with increasing Co. At relatively 
low CO values, Vab will deten-nine segregation-free solidification since it is lower 
than Vt. However, a critical value of CO exists (= Cit), where Vab becomes equal 
to Vt. Above this value, the onset of formation of segregation-free solid will be 
determined by Vt. The critical alloy concentration which defines the transition 
between the two different mechanisms of segregation-free solidification is given 
by the following expression (Jones, 1990): 
k2r Cc, it =-, (2.6) m(l - k, )Ji 
This transition is not always possible. There are systems (eg. Al-Mn) where 
Cc , it >100 wt%, making the formation of segregation-free solid by planar inter- 
face growth the only mechanism possible. 
Rapid solidification criteria 
Based on the phenomena that occur during growth at high velocities, two criteria 
can be established for defining rapid solidification and its effects. 
Kinetic criterion. In order to produce segregation-free solid, the interface 
growth velocity during solidification has to be higher than the absolute sta- 
bility velocity. 
Thermodynamic criterion. Solidification will occur only if there is a net de- 
crease in the molar free energy of the system upon formation and growth 
of a solid/liquid interface. In the case of rapid solidification, this happens 
only when the interface temperature is below the To line of the correspond- 
ing phase diagram. To is the temperature at which both the solid and the 
liquid phase have the same free energy. It is a function of composition and 
lies between the liquidus and the solidus (figure 2.18). The value of To is the 
highest temperature at which partitionless solidification can occur. If the 
To line plunges as shown in the bottom diagram of figure 2.18, partition- 
less solidification is impossible for an alloy of concentration CL*. Besides 
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Figure 2.18: The To line and regions of thermodynamically allowed solid compo- 
sition formed from liquid of composition CL* (Boettinger et al., 1984). 
initial melt undercooling below To, it is also essential to ensure that during 
recalescence the interface temperature will remain below To, in order to pre- 
vent solute from being released to segregate. For this to happen the amount 
of undercooling needed is AT > L1c, where L and c are the latent heat of 
solidification and the specific heat of the liquid respectively. 
Disorder trapping 
An interesting feature observed in the rapid solidification of intermetallic com- 
pounds (or other crystals with long range chemical order) is the phenomenon 
of "disorder trapping". As the solidification velocity of such compounds is in- 
creased, the loss of local interface equilibrium can result not only to solute trap- 
ping, as it is found for solid solutions, but also to a reduction in the degree of 
order. This is called disorder trapping and leads to the formation of crystals 
with non-equilibrium long range order, just like solute trapping leads to non- 
equilibrium solute contents. Boettinger and Aziz (1989) were the first to develop 
a theory for disorder trapping, in close analogy to the treatment of solute trap- 
ping. The long range order parameter 77 was incorporated in a model which treats 
the simultaneous trapping of solute and disorder. Two conditions for achieving 
disorder (17 -+ 0) in as-solidified intermetallics were 
identified: 
Composition 
Composition 
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1. The growth velocity should reach a critical value, given by the expression: 
V TC- 
VD - TS 
(2.7) 
where VD is the interface diffusive speed (=Dj1Jj), Tc is the critical temper- 
ature for order-disorder transition, and Ts the solidus temperature of the 
compound. 
2. The cooling rate should be sufficiently high to avoid reordering during solid 
state cooling. 
More recent studies on the modelling of RS of intermetallic compounds have 
been carried out by Assadi and Greer (1997), Greer and Assadi (1997). 
Chill-block melt spinning 
In chill-block melt spinning, molten metal is brought into contact with a rapidly 
rotating wheel. The liquid metal is cooled by the wheel (which is acting as the 
heat sink) and is rapidly solidified. According to the method of pouring metal 
onto the wheel, melt spinning can be classified in the following types: 
Free-jet melt spinning (FJMS), where the liquid metal is introduced as a free 
laminar jet by a means of a crucible nozzle located relatively far away from 
the wheel (figure 2.19a). In this method Rayleigh and capillary instabilities 
may arise from disturbances to the jet-free surface. 
Planar-flow melt spinning (PFMS) is a modification of the previous type, 
in which the molten metal is introduced under pressure and the nozzle is 
brought very close to the wheel (figure 2.19b). Improved stability and better 
control of the flow is achieved with this improved type of melt spinning. 
Melt-extraction melt spinning (MEMS), wherein the spinning wheel is im- 
mersed into molten metal and a thin layer of liquid is dragged out (figure 
2.19c). 
The phenomena that occur during melt spinning and that control the process 
and the metallurgical features of the product, are the following: 
1. Momentum transfer, which governs fluid flow, puddle formation, free sur- 
face and ribbon shape. 
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Figure 2.19: Generic types of melt spinners: a) Free-jet melt spinning. b) Planar- 
flow melt spinning. c) Melt-extraction melt spinning (Frazier and Chen, 1992). 
2. Heat transfer, which governs temperature distribution, cooling rate, solidi- 
fication rate and solid/liquid interface velocity. 
3. Mass transfer, which governs solute distribution, microsegregation. and un- 
dercooling 
4. Thennodynamics and kinetics, which govern nucleation, crystal growth 
and phase transforinations. 
The critical processing parameters for melt spinning have been reviewed by 
many workers. Frazier and Chen (1992) used fluid flow and heat transfer mod- 
els to study the melt spinning of intermetallics. The parameters studied incIdde 
the melt temperature, the crucible tilt speed, the wheel temperature, and the 
rotational speed of the wheel. According to the modelling results, the ribbon 
thickness and the dendrite arm spacing are inversely proportional to the square 
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root of the wheel speed. The experimental results from a study of titanium alu- 
mindes produced on a melt spinner similar to the one used in the present work, 
confirmed these relationships. The grain size of the ribbons produced was also 
found to decrease with increasing wheel speed. In general, the cooling rate and 
the growth rate of the alloys are functions of the wheel speed. 
The only work where rapid solidification techniques have been used to pro- 
duce alloys of the Mo-Si-Al system is that by Stergiou (1996). RibbonsOf MOSi2 
and of Mo(Si, A1)2 alloys with 22.6 and 30 at% Al were cast and characterised. 
Their microstructures were found to be refined by at least two orders of mag- 
nitude compared to clean melted ingots. Two zones could be distinguished in 
the ribbons, one near the side of the ribbon in contact with the wheel and one 
near its free surface. Besides smaller grain size, the zone near the wheel dis- 
played the formation of C40-Mo(Si, AI)2. The second zone included both C40- 
and C54-Mo(Si, AI)2, In the ribbonsOf MOSi2, C40-structuredMOSi2had formed 
as a metastable phase. 
2.5 Mechanical properties of Mo-Si-Al alloys 
The mechanical properties of molybdenum silicides have been the subject of in- 
tensive research. As it was mentioned in section 2.2, MOSi2 is the compound 
that has attracted most attention, both in its monolithic form and as a composite 
material. Recently, some interest has emerged in M05Si3. To the author's knowl- 
edge, no studies have appeared on M03Si and on molybdenum aluminides. In the 
work presented in this thesis no evaluation of mechanical properties was carried 
out; however, for completeness a brief summary of the mechanical properties of 
molybdenum silicides (binary or alloyed with aluminium), will be given. 
2.5.1 Molybdenum disilicide 
The bulk, shear and Young's moduli, as well as the Poisson's ratio of polycrys- 
talline MOSi2 were determined by Tanaka et al. (1997) at different temperatures, 
using experimentaRy measured elastic constants of single-crystals. Their values 
at room temperature are shown in table 2.6 (bulk modulus=B, shear modulus=G, 
Young's modulus=E and Poisson's ratio= v). The temperature dependence of 
these properties is shown in figure 2.20. All the moduli decrease whfle the Pois- 
son's ratio increases with increasing temperature. In the same manner, Tanaka 
et al. (1998) determined the values of these properties for polycrystalline C40- 
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Table 2.6: Polycrystalline elastic constantsOf MOSi2and Mo(Si, AI)2 at room tem- 
perature. 
MATERIAL B (GPa) E (GPa) G (GPa) v 
MOSi2 209.9 431.7 186.6 0.157 
Mo(Si, AI)2 201.4 370.7 155.3 0.193 
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Figure 2.20: Temperature dependence of polycrystalline elastic constants of 
MOSi2 (Tanaka et al., 1997). 
MO(SiO. 85AI0.15)2 (table 2.6). As it can be seen in figure 2.21, a variation of the 
properties with temperature was found, similar to the one displayed by binary 
molybdenum disilicide. 
The strength of polycrystalline MOSi2 generally depends on the grain size and 
on the silica content (if produced via PM routes) of the material. High silica con- 
tents and small grain sizes tend to promote grain boundary sliding as a defor- 
mation mechanism rather than dislocation plasticity, which can operate at lower 
stress levels. Under compression or flexure at room temperature MOSi2 fails in 
a brittle manner prior to any noticable plastic deformation. Gibala et al. (1999) 
performed compression tests on hot-pressed polycrystalline MOSi2 in a temper- 
ature range 800-1300'C (figure 2.22). The material had a 30ym grain size and 
contained approximately 5% silica particles. The first signs of (limited) plasticity 
appeared at 850"C, while at 1300'C plasticity became quite appreciable. The same 
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MO(SiO. 85AI0.15)2 (Tanaka et al., 1998). 
1000 800*C MOS12 
800- 
/850*C 
9000C 
600- 
400 11001C 
200 1150*C 
1300*C 
01 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
TRUE STRMN 
Figure 2.22: True stress - true strain curves in compression for MOSi2 (Gibala et al., 
1999). 
authors showed that high-temperature prestrainOf MOSi2enhances the plastigity 
exhibited by the compound, via the production of a significant mobile dislocation 
density without concurrent n-dcrocracldng. 
The yield stress of arc-melted MO(Si, AI)2under compression was measured 
by Hagihara et al. (1998) in the temperature range between 4000C and 16001C. 
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Figure 2.23: Temperature dependence of compressive yield stress in MoSiAl 
(alloy 2) andMOS425AIo. 75 (alloy 1) (Hagihara et al., 1998). Alloy 3 is a 
(Mo, Zr)(Si, AI)2 alloy, 
Two alloys with different Al content were studied: MOSil. 25AIo. 75 (single phase 
C40) and MoSiAl (two-phase C40 and C54). Their results, presented in figure 
2.23, showed that the single phase alloy with the C40 structure was more brittle, 
since it started displaying plasticity at a higher temperature (11000C) compared 
to the two phase alloy (1000*C). According to Inui et al. (1998), plastic flow in 
single crystal C40-Mo(Si, AI)2 occurs only at the basal plane (slip system (0001) 
<11ý0>). This explains why the transformation of the tetragonal structure of 
MOSi2 to hexagonal upon alloying with Al, did not have the desired result of 
introducing more plasticity in the compound. 
The room temperature fracture toughness of polycrystalline MOSi2 is 3-4 MPa 
m 1/2 , 
depending on the processing route (arc cast and powder processing respec- 
tively) (Petrovic, 1995). Its hardness is around 900 kg/mm2 at room tempera- 
ture. Microhardness tests on arc-melted C11b-MOSi2 were performed by Stergiou 
(1996), who reported slightly higher values of --950 kg/mM2. The hardness of 
PM processed MOSi2 varies considerably between 860 and 980 kg /MM2 depend- 
ing on the density of the alloy and the Si02 content (Mitra et al., 1999, Costa e 
Silva and Kaufman, 1993, Fu and Sekhar, 1998). In the case of Al-alloyed MOSi2, 
two trends have been observed concerning the hardness of the compound. When 
Mo(Si, A1)2 has the C11b structure, a small reduction (Costa e Silva and Kaufrnah, 
1993), a preservation (lWtra et al., 1999), and an increase (Zhang et al., 1999a) of 
the hardness was found. In all these studies PM routes were used, and the dif- 
ferences in the alloys regarding density and oxygen (SiO2 and A1203) content are 
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Figure 2.24: Effect of 1.5 and 3 wt% Al addition on the creep behaviour in MOSi2 
(Sadananda et al., 1999). 
thought to be responsible for the variation in the results. When Mo(Si, AI)2hasthe 
C40 structure, an apparent increase in the hardness by about 8% relativetO MOSi2 
has been reported (Stergiou, 1996). The same author measured the n-dcrohard- 
ness of C54-Mo(SiAI)2and found that it was lower by 12% compared to MoSi2- 
This is in agreement with the findings of Hagihara et al. (1998) concerning the 
less brittle character of C54. 
Finally, the creep behaviourOf MOSi2has been the subject of studies by Bose 
(1992) and Sadananda et al. (1999). Its compressive creep rate was found to be 
two to three orders of magnitude higher than that of a cobalt-based superalloy at 
1260'C. This means than creep of MoSi2constitutes a problem for its application 
as a high-temperature structural material. A large grain size dependence was 
observed both for low and high stresses (Newtonian and power-law creep), with 
the creep rates decreasing by four orders of magnitude with a relatively small 
increase in grain size from 4 to 20pm. The exact mechanism of creep remains 
uncertain (Sadananda et al., 1999, Petrovic, 1995). When Al was added in small 
quantities (1-5-3 wt/o) an increase in the creep rate was observed (figure 2.24). 
2.5.2 M05Si3 and M03Si 
The density0f M05Si3 is 8190 kg/mý. In table 2.7 the thermal expansion cooffl- 
dents of Mo5Si3 along the a- and c-axis are given, as measured using a single- 
crystal; comparison withMOSi2is made (Chu et al., 1999ab). The most striking 
observation is the strong thermal expansion anisotropy0f M05Si3 ( a, /aa = 2.2), 
52 
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Table 2.7: Thermal expansion data of the MO5Si3, MOSi2 and TiAl tetragonal in- 
termetallic compounds (Chu et al., 1999b). 
MATERIAL aa (10-6/OC) ac (10-'/OC) ac/aa 
M05Si3 5.2 11.5 2.21 
MOSi2 8.2 9.4 1.15 
TiAl 9.7 9.3 0.96 
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Figure 2.25: Hot hardness and indentation toughness Of M03Si-MO-5Si3 COMPOS- 
ites, as a function of temperature. A comparison with the hardnesses Of MOSi2 
and MOSi2-MO5Si3 composites is also given (Nlisra et al., 1999). 
while MoSi2 is almost thermally isotropic. The single-crystal elastic constants of 
M05Si3 were also measured in the studies of Chu et al. (1999ab); using this data 
the polycrystalline elastic moduli of the compound were derived: bulk modulus 
B=242 GPa, shear modulus G=126 GPa, Young's modulus E=323 GPa and Pois- 
son's ratio Y=0.278. The specific Young's modulus in the case of Mo. 5Si3 is about 
40 GPa/(g cm-1), which is higher than those of nickel aluminides (25-32 GPa/(g 
CM-3)), comparable with titanium aluminides (30-50 GPa/(g CM-3 )) and lower 
than MOSi2 and other transition metal disilicides (65-70 GPa/(g CM-3)). 
The hardness of single-crystal M05Si3 is not orientation dependent and its 
value is around 1200 kg/nurO (Chu et al., 1999ab). Stergiou (1996) measured 
the microhardness of Mo. 5Si3 in a binary eutectic alloy with MOSi2, and found it 
to be even higher, at about 1550 kg/mm2. The compound is characterised by a 
low fracture toughness (2-2.5 MPa m'/2) and displays a ductility of only 0.2% at 
room temperature, increasing to 32% at 13701C. The alloy's yield strength is re- 
ported to be 790 MPa at room temperature and 175 MPa at 13700C (Petrovic and 
Vasudevan, 1999). its compressive creep rate at 1200('C was measured by Anton 
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Figure 2.26: Plot 0.2% offset yield strength vs. silicon concentration of the 
Mo3Si compound at 14000C with three different initial strain rates (Rosales and 
Schneibel, 2000). 
and Shah (1991) and was found to be an order of magnitude lower than that of 
MoSi2, with a very low activation energy. Meyer et al. (1996) recently confirmed 
this result. 
The density0f M03Siis8900 kg/ml, its Young modulus 295 GPa, and its hard- 
ness approximately 1300 kg/mm2. Its compressive strength and fracture tough- 
ness were recently measured by Rosales and Schneibel (2000). Figure 2.26 shows 
the results for the former, while for the latter an average value of 3MPa MI/2 was 
reported . Misra et al. (1999) studied the mechanical properties of alloys consist- 
ing of a compositeM03Si-MO5Si3ndcrostructure (figure 2.25). They found that at 
room temperature the hardness of these composites is -35% higher thanMOSi2- 
M05Si3eutectic composites (Mason and Van Aken, 1993) and -60% higher than 
that of monolithicMOSi2. At 13000C this hardness dropped but remained almost 
three times higher than the other alloys. The fracture toughness of the material 
was very low (1.5-2 MPa m 1/2). 
2.6 Oxidation behaviour of Mo-Si-Al alloys 
2.6.1 High-temperature oxidation of intermetallic alloys 
Improvement of the oxidation resistance of alloys can frequently be sought via-tbe 
addition of an element which oxidizes selectively and produces an external layer 
of a stable, slow growing oxide, which prevents oxidation of the parent metal. 
This process is known as selective oxidation. In the case of molybdenum silicides 
and aluminides, Si and Al lead to the formationOf Si02and A1203scales respec- 
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Figure 2.28: Schematic diagram of the oxidation of an alloy A-B with both AO 
and BO stable (BO more stable). (a) Dilute alloy showing internal oxidation of B 
under a layer of AO. (b) Concentrated alloy forming an external layer BO. (Meier 
and Petit, 1992). 
tively, which are both highly stable and exhibit low diffusivities for both cations 
and anions. Selective oxidation will take place provided that two conditions are 
satisfied. The first condition requires that the added element's oxide must be 
more stable than the oxide of the base metal. In order to determine which oxide 
is more stable, the prevailing metal activities in combination with the standard 
free energy of formation of each oxide, must be taken into account. The second 
requirement is that the concentration of the element that oxidizes selectively is 
sufficient for the formation of its oxide as a continuous external layer rather than 
as internal precipitates. 
The two possibilities for the simple case of a binary alloy AB, where the base 
metal A is noble and the added element B is reactive are presented in figure 2.27. 
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Alloys with low solute concentrations (NB) allow inward diffusion of oxygen 
which results in internal oxidation, while for high solute contents the outward 
diffusion of solute results in the formation of a continuous external layer of ox- 
ide. The critical solute concentration for the transition from internal to external 
oxidation has been expressed by Wagner as: 
g*NoDoVm /2 Ný L- (2.8) 
2-DBV,, x 
where NODO is the oxygen permeability in the base metal, DB is the solute diffu- 
sivity, g* is a factor determined by the volume fraction of oxide required for the 
transition (often near 0.3), and Vm and V,., are the molar volumes of the alloy and 
the oxide respectively. The solute content required for external scale formation 
is seen to increase with the solubility and diffusivity of oxygen and to decrease 
with an increase in the solute diffusivity in the alloy. 
For most systems of interest, the oxide of the base metal (A) can also form in 
the ambient atmosphere and grow until the more stable oxide of the solute el- 
ement becomes continuous and stops the growth of the "transient oxide". This 
situation is illustrated schematically in figure 2.28. The transient oxidation phe- 
nomenon increases the amount of solute required for the transition from internal 
to external oxidation (predicted by equation 2.8). The amount of excess solute 
required increases as the growth rate of the transient oxide increases. The "clas- 
sical" internal oxidation, such as that pictured in figures 2.27 and 2.28, has rarely 
been observed in intermetallic compounds. This appears to result from the oxy- 
gen permeabilites being low in many intermetallic compounds, and the relatively 
small differences in oxide stabilities between the two components of many inter- 
metallics. The nature and the rate of transient oxidation appears to be the more 
significant factor in determining whether or not a protective scale develops. 
A protective scale has the following characteristics: 
9 High thermodynamic stability. 
9 Slow growth rate (slow thickening rate). 
o Adherence to the intermetaffic substrate. 
Easily formed and reformed (in case of mechanical damage or oxide scale 
spallation). 
Long-term stability of such a scale requires that the flux of solute to the alloy/sca- 
le interface remains large enough to prevent oxides of A from becoming stable. 
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Figure 2.29: Schematic diagram illustrating the special features involved in 
the oxidation of intermetallic compounds with narrow ranges of stoichiometry 
(Meier and Petit, 1992). 
Wagner has derived an approximate equation for the concentration of solute re- 
quired to maintain the growth of an external scale as 
NB : -- 
vm ( Zýkp )1/2 (2.9) 16ZB DB 
Here kp is the parabolic rate constant for the growth of the protective scale and zB 
is the valence of B. Thus the long-term stability of a protective scale depends on 
the thermodynan-dc and diffusional Properties of the alloy immediately beneath 
the scale. T1-ds can be particularly significant for the oxidation of intermetallic 
compounds with small homogeneity ranges. Here the removal of the scale form- 
ing element to form an external layer immediately results in the formation of a 
layer of the next lower intermetallic compound adjacent to the oxide. This sit- 
uation, which is in contrast to the smooth concentration gradient in the alloy 
depicted in figure 2.28b, means that the properties of the lower compound de- 
termine the ability of the alloy to maintain the growth of the protective scale. 
Some compounds, such as MOSS6, provide a sufficient flux of silicon to the ox- 
ide/alloy interface to maintain the growth of a silica layer on MOSi2, as is illus- 
trated schematically in figure 2.29. In other cases, this flux is not enough, and 
formation of other oxides occurs leading to break down of the protective scale, or 
to the formation of a faster growing scale. 
Ternary and higher order alloying additions affect the oxidation behaviour of 
an alloy in various ways. The solubility of oxygen in the alloy may be decreased, 
causing in turn NL to decrease and therefore favour protective scale formation. 
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Figure 2.30: A schematic diagram showing (a) two phases oxidizing indepen- 
dently to form a non-uniform, non-protective AO+BO scale, and (b) dissolution 
of a B-rich second phase in support of protective BO scale formation (Brady et al., 
2000). 
If the alloying element forms an oxide of intermediate thermodynamic stability 
to AO and BO, then NL can also be decreased: the oxide of the ternary addition 
develops extensively in the transient scale, reducing the oxygen permeability and 
enabling B to diffuse from the bulk to the surface and form a continuous BO scale 
layer at a lower B concentration than in the corresponding binary alloy. This phe- 
nomenon is generally referred to as the "third-element effect". Not all ternary 
additions that form oxides of intermediate stability have the desired effect (eg. 
M-n to Fe-Al alloys); this indicates that there does not exist a complete under- 
standing of how a third element may influence the formation of a protective scale 
on an alloy (Brady et al., 2000). 
A multiphase alloy may exhibit an oxidation behaviour less protective than 
its individual component phases; between that of its component phases; and, 
in some rare cases, synergistically better than its component phases. Oxidation 
behaviour worse than its individual phases generally occurs when the phases ox- 
idize independently of each other (figure 2.30a). To achieve oxidation behaviour 
equal to or greater than that of its individual phases, the component phases in a 
multiphase alloy must collaborate in some manner during oxidation. For exam- 
ple, a solute-rich second phase can act as a reservoir for the continued exclusive 
growth of the protective oxide scale (figure 2.30b). This is called "the reservoir ef- 
fect", and results in the development of a subsurface zone depleted of the solute- 
rich second phase. The alloy microstructure and the composition of the matrix 
phase are critical to achieving a reservoir effect. 
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2.6.2 Molydnenum silicides 
A high number of studies on the oxidation behaviour of an three intermetallic 
compounds in the Mo-Si system (and mainly0f MOSi2) has appeared mainly over 
the last ten years. In the present section an overview of the most important results 
is given. 
MOSi2 
The interest in molybdenum disilicide as a candidate material for high-tempe- 
rature applications led to intensive research concerning its oxidation properties 
over a large temperature range. Naturally, the high-temperature regime (10001 
to 1700'C) has attracted a lot of attention. Less studies have been devoted to the 
intermediate temperatures of 6001 to 10001C. Most of the efforts have focused 
on understanding and overcoming the phenomenon of accelerated catastrophic 
oxidation in the low-temperature range 3000 to 5500C ("pesting", or "pest oxida- 
tion"). 
Pest oxidation is generally defined as the phenomenon in which accelerated 
oxidation at low temperatures is followed by fragmentation and disintegration 
of the alloy into small particles or powder. It has been identified in a number of 
intermetallic alloys, including MOSi2, MOSSi3, NbSi2, Nbz; Si3, FeSi2, NbA13, ZrBe, 3 
(Westbrook and Wood, 1964). The main characteristics of pest oxidation may be 
summarized as follows (Grabke and Meier, 1995): 
1. Exposure to a reactive gas, particularly02, is required. 
2. Rapid attack is generally preceded by an incubation period. 
3. Disintegration occurs over a limited temperature range, which varies from 
one compound to the next. 
4. Some compounds appear to be immune. 
The oxidation rate Of MOSi2 at 5001C is considerably faster than those at either 
higher or lower temperatures (figure 2.31). Pesting is associated with a substan- 
tial volume expansion, and the oxidation products have been found to contain 
crystalline Mo oxides (mainly M003, and sometimes M09026, M002), amorphous 
Si02 clusters and residual MOSi2 crystals. During the incubation period a non- 
protective Mo-Si-O layer forms, which later gives way to clusters Of Si02 parti- 
cles. M09026 is found as blocky particles in the oxidized region. M003 has been 
found in the form of whiskers and platelets. The whiskers can be attributed to the 
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Figure 2.31: Isothermal oxidation data for MOSi2 in the temperature range 4000- 
14000C in air and oxygen. The cross hatched region shows general behaviour for 
the 600"-14000C range. Small weight losses are the result of volatility of MoO3 
(Grabke and Meier, 1995). 
oxidation reaction product, whereas the platelets are formed by sublimation and 
subsequent condensation of MoO3 vapour. Finally, residualMOSi2 intermetal- 
lic particles are observed in the oxidized regions after fragmentation of the alloy 
(Bartlett et al., 1965, Meschter, 1992, McKamey et al., 1992, Berztiss et al., 1992, 
Chou and Nieh, 1993b). 
From a thermodynamic perspective, there exist two possible oxidation reac- 
tions for MoSi2: 
2MOSi2 (S) + 702 (9) -4 
2MOO3 (S) + 4SiO2 (S) 
5MOSi2(, S) + 702(g) -4 M05Si3(S)+ 7SiO2(s) 
The Gibbs free energies of both reactions are negative (Chou and Nieh, 1993b). 
However, when the Gibbs free energy changes are calculated for a fixed amount 
of oxygen (one mole) the relative affinities of the substances for oxygen are shown 
directly. In this case the second reaction is favoured thermodynamically. -All 
studies of the low-temperature oxidation behaviourOf MOSi2, in air or in oxy- 
gen, have shown that accelerated oxidation always occurs at this regime and is 
an intrinsic material property of the compound, including single crystals. Pesting 
however, i. e. disintegration of the alloy to fragments or powder, does not always 
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happen. The susceptibility0f MOSi2 to pesting is dependent on its n-dcrostruc- 
ture, integrity and stoichiometry, and if the material is dense (small amount of 
connected porosity) and crack-free, pesting does not occur (Berztiss et al., 1992, 
Meschter, 1992, Yanagihara et al., 1997). Kurokawa et al. (1999) have shown that 
H20vapour in air accelerates the occurrence of pesting in polycrystalline, porous 
MOSi2, while the opposite effect was observed by Meschter (1992) in the case of 
dense material. 
Although not perfectly established and still subject to controversy and inves- 
tigation, the mechanisms of pest oxidation for single-crystal and polycrystalline 
MOSi2 can be generally described as follows (Chou and Nieh, 1993b, Doychak, 
1994). 
Single-crystalMOSi2 (figure 2.32a): During initial exposure to an oxidis- 
ing environment, accelerated oxidation occurs by rapid oxygen diffusion 
through a reaction-product layer consisting of an amorphousSi02matrix 
and lamellae or particles of crystalline Mo-rich oxide. Following the estab- 
lishment of this layer, application of stresses, either from formation of fast- 
growing voluminous oxides or from external sources, results in breakdown 
of the initial oxidation product and nucleation and growthOf M003. Other 
Mo-containing oxides and Mo-Si-O compounds may form, as well. Due to 
its high vapour pressure (2 - 10-3 Pa at 5001C), MOO3 begins to volatilize 
from the surface. Macroscopic defects arise in the layer in the form of blis- 
ters, cracks and pores, as a result of stresses from the high vapour pressures 
Of M003beneath this layer and to the large volume expansion associated 
with the oxidation products. These defects eventually open to allow further 
penetration of oxygen and formationOf M003whiskers and platelets. 
Polycrystalline MOSi2 (figure 2.32b): In this case, besides the mechanism 
described above, additional mechanisms may also operate, due to the pres- 
ence of grain boundaries and defects such as porosity and cracks. Diffusion 
of oxygen along the grain boundaries or in pre-existing defects leads to ac- 
celerated oxidation inside them, with subsequent development of internal 
stresses and intergranular separation (Westbrook and Wood, 1964, Stergiou 
and Tsakiropoulos, 1997). Chou and Nieh (1993a) calculated the activation 
energy for pesting at 115.6 KJ/mole (27.6 kcal/mole), and suggested that it 
is probably associated with grain boundary diffusion. 
The need to establish an initial reaction-product layer accounts for the ob- 
served incubation period. Accelerated oxidation alone is not sufficient for pest- 
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Figure 2.32: Schematic drawings showing various steps of the pesting reactions 
in (a) single-crystal and (b) polycrystalline MOSi2 (Chou and Nieh, 1993b). 
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ing, but applied or inherent stresses must also be present. Disintegration due to 
these stresses is further facilitated by the limited ductility/ toughnessOf MOSi2 
at these temperatures. Since pesting is not inherent to MOSi2, but accelerated 
oxidation is, preventing the latter from happening is the key to eliminating this 
problem. 
Studies of the low-temperature oxidation behaviour of Mo(Si, AI)2by Stergiou 
et al. (1997) revealed suppression of pest oxidation. Instead formation of an ox- 
ide scale consisting mainly of Al and Si oxides took place. More rapid growth 
of the A1203 scale compared to theSi02 one, prevented extensive formation of 
M003 and led to the formation of a protective scale. Yanagihara et al. (1997) also 
reported a similar effect of Al additions inMOSi2. They proposed that Al acts 
either to reduce the oxygen flux in the Mo-Si-Al-0 layer in comparison with the 
Mo-Si-O one, or to decrease the softening temperature of the Mo-Si-Al-O layer, 
making it more plastic and therefore more tolerant to the applied stresses. 
In the intermediate-temperature regime (600'-1000'C), two significant chan- 
ges take place in the oxidationOf MOSi2, Pest degradation disappears, however 
a dense, protectiveSi02 layer does not form over the entire surface. Bartlett et al. 
(1965) observed, using transmission electron microscopy, clustering of molyb- 
denum oxides in a saturatedSi02phase. A mixtureOf M002. M003 andSi02 
(mostly as a-cristobalite at T>9000C), is therefore the oxidation reaction product 
at these temperatures. Due to their high vapour pressures, the molybdenum ox- 
ides start to evaporate (Samant et al., 1992, Kubaschewski and Hopkins, 1953). 
Isothermal oxidation studies at 800' and 9500C by Stergiou and Tsakiropoulos 
(1997), showed that there is a small weight loss due to this volatilization. Often 
the unstable molybdenum oxides are transitory and steady state growth of almost 
pureSi02occurs; at long oxidation times. Very low oxidation rates characterise 
this temperature regime. 
All studies examining oxidationOf MOSi2 in the high-temperature regime 
(>10000C) report the formation of a continuous protectiveSi02 layer onMOSi2, 
even though there are discrepancies in the reported activation energies and the 
form Of Si02 (Doychak, 1994). Recent in situ X-ray diffraction measurements of 
MOSi2oxidized in air showed thatSi02 exists as a-tridymite between 10000 and 
12000C, but at 13000C the structure changes to cristobalite after 4 to 5 hours. At 
14000C the measurements showed cristobalite as the product from the earliest 
stages of oxidation (Melsheimer et al., 1997). Bartlett et al. (1965) observed after 
oxidation at 11600C cristobalite islands appearing as fans extending from a central 
core. They concluded that its formation started at points acting as crystallization 
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centers. These nucleation sites occurred with equal probability over the silicide 
substrate grain boundaries and within the interior of substrate grains. On the 
other hand, amorphousSi02has been reported to form even at temperatures as 
high as 170011C (Berztiss et al., 1992). The oxide scale formation rate is generally 
considered to be controlled by the inward diffusion of oxygen throughSi02. 
As far as the molybdenum oxides are concerned, the following have been ob- 
served (Melsheimer et al., 1997). TheM003 that forms at the first stages of oxida- 
tion evaporates, thus leaving a protective scale to form. In the case of a completely 
denseSi02 layer, there should be no oxides of Mo at the oxide/alloy interface, as 
the oxygen partial pressure set by theSi/Si02 equilibrium is below that neces- 
sary for their formation. A layerOf M05Si3 thus forms under the scale, as silicon 
is preferentially oxidized (see previous section). Such a sublayer has been ob- 
served in some, but not all, cases (Doychak, 1994, Stergiou and Tsakiropoulos, 
1997, Melsheimer et al., 1997). This means that molybdenum can also oxidize via 
inward oxygen diffusion through the oxide layer. TheM003 that is produced 
evaporates after being transported through theSi02. No Mo5Si3 therefore ap- 
pears under the scale. The reason for the transport and evaporation0f M003 is 
thought to be the low solubility of molybdenum oxides inSi02 . Melsheimer et al. 
(1997) proposed that the oxygen andM003 transport is faster in cristobalite than 
in trydimite, based on the observation that noMO5Si3 sublayer appeared under 
the former, while it did appear under the latter. 
The influence of temperature on the oxidation0f MOSi2 is qualitatively sum- 
marized in the schematic of figure 2.33. 
According to Stergiou et al. (1997), aluminium. additions of approximately 22.6 
and 30 at% do not affect the oxidation behaviour of molybdenum disilicide at the 
intermediate temperature regime. At the high-temperature regime, Mo(Si, AI)2 
exhibits different behaviour depending on whether the oxidation temperature 
lies below or above the eutectic temperature of theSi02-mullite system (Yanag- 
ihara et al., 1993, Maruyama et al., 1993, Yanagihara et al., 1995, Maruyama and 
Yanagihara, 1997). Below 15950C (figure 2.34), a pure A1203 scale forms due to 
the selective oxidation of Al, and the process is controlled by the diffusion of Al 
through the underlying intermetallic layerOf M05Si3 (very low oxygen perme- 
ability). Above this temperature, a liquid scaleOf Si02with dissolved A1203in it 
forms, via inward diffusion of oxygen ions. The oxidation rate of Mo(Si, AI)2 in 
this case is higher than thatOf MOSi2, because of the higher number of intersti- 
tial voids (oxygen diffusion paths) present in a scale where A13+ ions occupy SiI+ 
positions. Even below the eutectic temperature, the oxidation rate of Mo(Si, AI)2 
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Figure 2.33: Schematic showing the various parameters influencing the MOSi2 
oxidation as a function of temperature (Melsheimer et al., 1997). 
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Roy, 1959). 
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is higher than thatOf MOSi2- In general, Yanagihara and co-workers have found 
that higher Al content results in higher oxidation rates. 
Longer duration experiments performed at 16000C (higher than the eutectic 
temperature) by Stergiou et al. (1997) resulted in the formation of a complex scale, 
which consisted of mullite andSi02with dissolved A1203at the outer part, and 
A1203 at the inner part attached to the alloy. The oxidation rate was found to 
be lower than thatOf MOSi2 for AI=30 at%, and higher thanMOSi2 for AI=22.6 
at%. Kodash and Fergus (1999) on the other hand, reported thatMOSil. 3AI0.7 
(; z: ý23 at% Al) oxidized at a slower rate thanMOSi2between 12000-1800"C, and that 
the product of the reaction was pure A1203. Finally, Mitra and Rama Rao (1999) 
studied the oxidation behaviour of Mo(Si, AI)2with low Al contents (2.8,5.5 and 
9 at%) at 12000C (below the eutectic temperature), and found that a mixedSi02 
and A1203 scale formed on the lowest Al containing alloy, while mainly A1203 
formed on the others. RelativetO MOSi2, the oxidation rate was lower for AI=2.8 
at%, and higher for AI=5.5 and 9 at%. 
M05Si3 
The oxidation performance Of MO5Si3 has been shown to be clearly inferior to that 
Of MOSi2 (Bartlett et al., 1965, Berkowitz-Mattuck and Dils, 1965, Meyer and Ak- 
inc, 1996a, b). Its main characteristic is porous scale formation and loss of molyb- 
denum below about 1650'C, with a transition to protective scale formation and 
passive oxidation at higher temperatures. This makes the compound generally 
unacceptable for high-temperature use in air. 
There are three possible competing reactions that can occur during oxidation 
Of MO5Si3: 
2Mo5Si3 + 2102 -+ 10MO03 (volatile) + 6SiO2 
3Mo. 5Si3 + 402 -4 5Mo3Si + 4SiO2 
M05Si3 + 302 -4 Wo + 3SiO2 
A mass loss on oxidation indicates that the first reaction is dominant, while a net 
mass gain indicates that the second or the third reaction is dominating. 
Recent studies by Meyer and Akinc (1996b) examined the oxidation0f M05Si3 
in air at temperatures of 800'-1200'C (figure 2.35). The oxidation at 8000C was 
catastrophic, showing low-temperature pest behaviour similar to that seen in 
MOSi2, Mass loss occurred due to volatilization0f M003, leaving a porousSi02 
layer that provided little in the way of a diffusion barrier for oxygen. This layer 
was also found to contain a complex mixture of molybdenum oxides. Oxidation 
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Figure 2.35: Mass change Of MO5Si3 as a function of time on oxidation in air at 
800'-1200"C (Meyer and Akinc, 1996b). 
at 900*C and 10000C exhibited the smallest weight loss rates and a similar oxide 
scale. The oxidation kinetics were found to be limited by the outward transport 
of MoO3. At 110011C and 12000C rapid loss of weight was observed, with the spec- 
imens turningtO Si02residue within a few hours. The same behaviour was also 
exhibited at 14500C (Meyer and Akinc, 1996a). 
Berkowitz-Mattuck and Dils; (1965) studied the oxidation of Mo5Si3by moni- 
toring oxygen consumption during oxidation at temperatures in the range 11070 
to 1737"C and oxygen pressures of 1082-1750 Pa (8.5-13.1 torr - figure 2.36a). At 
11070C and 1137C oxygen consumption was rapid over the duration of the test, 
indicating active oxidation and implying non-protective scale formation. Above 
13770C, specimens exhibited a plateau region of slow oxygen uptake after an ini- 
tial transient period of rapid oxidation. In general, total oxygen consumption 
during an oxidation test decreased as the temperature of the test increased. High- 
temperature passivation was proposed to be due to the temperature-dependent 
lateral flow of SiO2 to form a continuous layer. The interlayer that formed be- 
tween the silicide and scale was determined to be a molybdenum-rich terminal 
solid solution alloy, with no evidence forM03Siformation. 
Bartlett et al. (1965) investigated the behaviourOf M05Si3 in oxygen atmo- 
sphere (1 atm) at the temperature range 4840-1600'C. A white or buff porous ox- 
ide was formed. Oxidation of Mo5Si3was very rapid at high temperatures and 
caused a large weight loss because of the vaporization of oxidized molybdenum. 
Some specimens were completely oxidized leaving a residlie of SiO2, whereas 
MoO3evaporated. 
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(Berkowitz-Mattuck and Dils, 1965). 
M03Si 
Oxidation studies concerning the most Mo-rich compound of the Mo-Si alloy sys- 
tem, M03Si, have been reported only by Berkowitz-Mattuck and Dils (1965). Their 
results (figure 2.36b) showed that a definite final plateau region of protective scale 
formation did not appear until 1727*C. Before that, active oxidation took place, 
with a small decrease in the oxygen consumption rate occurring after 25 min at 
15870C and after 80 min at 12870C. No such decrease was observed at 10770C. 
2.6.3 Molybdenum aluminides 
The oxidation behaviour of molybdenum aluminides was first considered by Ko- 
dash et al. (1990) as part of a wider study concerning the oxidation of molyb- 
denum aluminosilicides. Thermogravimetric analysis (TGA) experiments were 
performed on powdersOf M03AI andM03AI8. Small weight gains were recoradd 
and formation of a non-protective mixed oxide, A12(MO04)3 (aluminium molyb- 
date), took place at temperatures between 8000 and 870"C. At higher tempera- 
tures, this oxide decomposed into A1203 and MoO3. Volatilization of the latter 
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led to a decrease of mass, leaving the particles of the powder covered with a pro- 
tective A1203scale. 
Maruyama et al. (1991) have also reported that both theM03AI8 and MoAL 
compounds exhibit good oxidation resistance due to the formation of a protective 
thin film of A1203- 
Chapter 3 
Experimental 
3.1 Introduction 
As discussed in the previous chapter, few alloys of the Mo-Si-Al system beyond 
the MO(SiAI)2hne have been studied in the past. Thus, only few experimental 
phase equilibria studies are available, and the existing thermodynamic assess- 
ments of the Mo-Si-Al alloy system are either incomplete, or unconfirmed. While 
the presence of Al in molybdenum disilicide has been found to be beneficial to 
some properties (see section 2.2), little is known about its effect on the oxidation 
and mechanical properties of intermetallic compounds such as the T1 Mo5Si3and 
the A15M03Si. In the case of the Al-Mo alloy system, there is no data available on 
the properties of compounds such asM03AI andM03AI8. Furthermore, no data 
exist about the oxidation behaviour of multiphase microstructures consisting of 
the above phases. In the present chapter, the alloy selection will be described, and 
the experimental procedures followed in the course of the study will be outlined. 
3.1.1 Selection of alloys for microstructural studies and evalua- 
tion of oxidation behaviour 
The ternary alloys studied in this thesis were selected in order to contribute to- 
wards solving some of the above problems. Table 3.1 shows the alloys that were 
produced using two different processing routes. The first one involved conven- 
tional (near equilibrium) solidification by clean melting in a water-cooled crucible 
and was used to produce ingots. Non-equilibrium processing was used in order 
to elucidate the effects of non-equilibrium processing on the phase selection and 
microstructure of molybdenum aluminosilicides. Ribbons of the selected alloys 
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Table 3.1: Nominal compositions (left column, at%) and EPMA determined com- 
positions (right column, at %) of the alloys selected for the present study. 
ALLOY Mo Si I 
1 50.0 48.3 45.0 46.4 5.0 5.3 
2 62.5 62.6 25.0 25.5 12.5 11.9 
3 70.0 70.2 10.0 9.3 20.0 20.5 
4 50.0 51.2 15.0 13.9 35.0 35.0 
37.5 38.1 10.0 9.0 52.5 52.9 
MOSi2 33.3 34.1 66.7 65.9 - - 
MOSi2 + 10 at% Al 33.3 32.6 56.7 57.0 10.0 10.4 
MOSi2 + 22.6 at% Al 33.3 1 32.8 44.1 1 45.4 22.6 21.8 11 
MOSi2 + 40 at% Al 33.3 32.2 26.7 28.5 40.0 39.3 
MOSi2 +5 at% Al 33.3 31.5 61.7 62.9 5.0 5.6 
were cast using rapid solidification by chill-block melt spinning. In this way so- 
lidification microstructures were produced using a wide range of cooling rates, 
which varied from 10 to 100 K/sec for conventional casting to ; Z-ý' 106 K/sec for 
melt spinning. Figure 3.1 shows the position of these alloys in the 15501C isother- 
mal section by Yanagihara et al. (1993). 
The first two alloys in table 3.1 are near the Mo-Si side of the ternary Mo-Si-Al 
alloy system (see figure 3.1). Alloy 1 was selected in order to examine the limits of 
the T1+C40 region. The composition of alloy 2 lies in an area of the system where 
a number of two- and three-phase fields meet. Thus the selection of these alloys 
also aimed at producing multiphase n-ticrostructures consisting of the oxidation 
resistant C40 and C11b phases with the T1 and A15 phases, which are known 
to exhibit poor high-temperature oxidation performance. The purpose was to 
establish whether such microstructures could potentially provide improvement 
of the oxidation resistance of the two latter phases. The effect of Al addition on 
the oxidation behaviour of the T1 and A15 phases could also be estimated. 
Alloys 3,4 and 5 in table 3.1 have compositions near the Mo-Al side of the 
ternary Mo-Si-Al alloy system. Given the disagreement about the number of the 
three phase fields existing in this area, an attempt was made to confirm the phase 
fields suggested by Yanagihara, by choosing one alloy for each field. This could 
also allow various other ambiguities to be clarified. The existence of the C54- 
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Figure 3-1: Alloys studied in the present thesis, placed on the 15500C isothermal 
section of the Mo-Si-Al alloy system proposed by Yanagihara et al. (1993). 
MO(Si, Al)2 as a high-temperature equilibrium phase has long been the subject of 
uncertainty and dispute. Alloy 5, according to the isotherm proposed by Brukl 
(see figure 2.10 in section 2.3.5), should contain this phase. Thus, the choice of this 
alloy was also influenced by the need to verify the existence of this phase and to 
study its stability. From the properties point of view, alloys 3,4 and 5 offer an 
opportunity to study the oxidation behaviour of alloys near the Mo-Al side of the 
Mo-Si-Al alloy system, and in particular the oxidation of the M03AI8 and M03AI 
intermetallic compounds. 
The oxidation behaviour of Mo(Sil-.,, Al., )2 (x=22.6,30.0 at%) has been the sub- 
ject of a previous investigation at the University of Surrey (Stergiou, 1996). In or- 
der to expand the study to alloys with lower and higher Al contents and provide 
a full picture of the oxidation performance of alloys that belong on the ternary 
compound line, two more alloys were studied: Mo(Sil---, Al., )2 (x=5.0,40.0 at%). 
In this way, a comparison could be made, not only between this series of cast 
alloys, but also with earlier studies, where different processing routes (mostly 
powder metallurgy) were used. The effect of processing route on the environ- 
mental behaviour of these intermetallics can thus be elucidated. 
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3.1.2 Selection of alloys to study alloying behaviour 
A very important aspect of alloy development deals with the phenomena that oc- 
cur at the electronic level when elements are mixed together to form alloys. Thus, 
the study of the alloying behaviour of Mo and Si in molybdenum silicides, and of 
Mo, Si and Al in molybdenum silicides with aluminium additions, forms an inte- 
gral part of research that seeks to improve the properties of these intermetallics. 
In the present work, a first attempt was made to understand some of the alloying 
phenomena using experimental means (electron spectroscopy). The focus was on 
the most important of the silicides, i. e. MOSi2 and its alloys with Al. The alloys 
studied were Mo(Sil-.,;, Al.,; )2, with x=O, 10.0,22.6,40.0 at%. 
3.2 Processing of alloys 
In this work all the ingots and melt spun ribbons were prepared using a Marko 
Materials advanced melt spinner. Figure 3.2 shows its various components and 
their arrangement. Three main parts can be distinguished. A plasma unit, an 
electrical power supply unit, and the main chamber with the vacuum system. The 
first two parts are used for the generation of the plasma arc to melt the material. A 
water-cooled copper crucible can be found, next to a molybdenum wheel, in the 
main chamber (figure 3.3). The wheel has a diameter of 25 cm and is connected to 
a driving motor which can achieve spinning speeds up to 4000 rpm. The crucible 
is approximately 3 cm deep and has a diameter equal to 7 cm at its base and 11 cm 
at the top. Another motor is used for tilting the crucible and allowing the liquid 
metal to flow through a V-notch onto the spinning wheel. The water cooling 
system ensures that no reaction will occur between the melt and the crucible, 
owing to the formation of a thin solid skull (see section 2.4.1). Above the crucible 
lies a non-consumable tungsten electrode, which can be moved in all directions 
manually. The vacuum system consists of a rotary pump, an oil diffusion Pump, 
and several pressure gauges. Its purpose is the evacuation of the main chamber 
to a pressure < 10-3 Pa (10-5 mbar). This vacuum is essential in order to keep 
low the level of interstitials(02,1-12and N) in the alloys. 
3.2.1 Ingot casting using clean melting 
High purity molybdenum pellets (99.7% purity), lumps of polycrystalline silicon 
(99.9995% purity), and aluminium bars (99.99% purity) were used as starting ma- 
terial for the production of the alloys. Approximately 250g charge was weighed 
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Figure 3.2: Schematic diagram of the Marko Materials T5 Melt Spinner and its 
components. 
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Figure 3.3: a) Photograph showing the interior of the melt chamber. b) Schematic 
of the casting of ribbons. 
each time by mixing these elements in the appropriate weight ratios. The charge 
was then placed in the copper crucible and the chamber door was sealed. Prior 
to melting, the chamber was evacuated in two stages: first the rotary pump was 
used to attain a vacuum of approximately 100 Pa, and then the diffusion pump, 
backed by the rotary, brought the pressure down to 10-1 Pa. Then the chamber 
was flushed with high purity argon (>99.998%), and the above evacuation proce- 
dure was repeated. The last preparation step involved the release of the vacuum 
with argon to a pressure of 50 kPa, which is required to form the plasma arc. 
A current of 1000-1100A at 25-30 V was used to form the arc and melt the alloy. 
Throughout the melting process, the electrode was constantly moved in circular 
manner over the surface of the melt to promote mixing of the elements. Each 
melting lasted for 3 minutes. At the end of this period the current was slowly re- 
duced and eventually the arc was switched off. This was done in order to reduce 
the temperature gradient and the cooling rate imposed in the solidifying melt by 
the water-cooled crucible. The ingot continued to glow red after the extinction 
of the arc for about thirty seconds. In most cases, after complete cooling had 
taken place, the ingots were found to be cracked and/or broken in 3 or 4 pieces, 
which indicates that thermal stresses, due to large temperature gradients, were 
not avoided. The process was repeated five times, inverting the ingot between 
each melting, in order to ensure full mixing and homogeneity. 
A thin layer of powder deposit was found after each melting on the walls and 
the internal parts of the chamber. The presence of this powder, in addition to 
the fact that fumes were observed to come off the liquid pool during melting, led 
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Figure 3.4: Schematic of a typical ribbon. 
to the conclusion that some evaporation of Si and Al had taken place. Limited 
deviations in the overall composition of the alloys from their nominal ones were 
observed by EPNIA analysis (see table 3.1). 
3.2.2 Casting of ribbons by melt spinning 
The melt spinner that was used in the present work is a variant of the NMMS 
process (section 2.4.3), that readily permits the production of ribbons of reactive, 
high melting point alloys. The advantages of clean melting are incorporated in 
the melt spinning process leading to the production of ribbons with minimum 
contamination. However, control of the melt superheat is not possible in this 
process. 
The ribbons were produced during the fifth melting of the alloy. The mo- 
tor used for the tilting of the crucible was put in operation and the molten metal 
flowed through the V-notch at the nine o"clock position of the spinning Mo wheel, 
where it solidified (figure 3.3). Since the speed of the wheel affects the thickness 
of the ribbons as well as the microstructural. features of the melt-spun alloy (see 
section 2.4.3), a constant speed was always used (1500 rpm, i. e. -ý20m/sec lin- 
ear speed) in order to compare the effects of rapid solidification under the same 
conditions for all alloys. 
The circumferential surface of the Mo wheel raised to a point. Since the *so- 
lidified metal takes the shape of the wheel surface, the ribbons produced had a 
crescent shaped cross-section (figure 3.4). This fact, combined with the difficulties 
in controlling exactly the degree of crucible tilt and the amount of melt poured 
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onto the wheel, resulted to the production of ribbons with different thickness 
and length, particularly between separate melt spinning operations. The crescent 
shape and the varying ribbon thickness allowed study of the microstructural ef- 
fects of different cooling rates, imposed on different sections of the melt-spun rib- 
bons. The thickness of the ribbons is a critical feature because it determines the 
cooling rate during solidification. It is controlled by the thermophysical prop- 
erties and the flow characteristics of the melt (Frazier and Chen, 1992). In the 
present alloys, the ribbon thickness varied significantly between 40 and 140 pm, 
with the typical being 50-70 pm. 
The ribbon length and width varied only slightly with alloy composition. The 
longest ribbons were not more than 2 cm long and the average length was around 
1 cm. The brittle nature of the alloys is responsible for the production of such 
short ribbons. Similar observations have been made by Stergiou (1996) and Pit- 
man (1996) for melt spun ribbonsOf MOSi2and NbSi2alloys respectively. 
3.3 Microstructural characterisation of alloys 
3.3.1 Specimen preparation 
Specimens for examination by SEM 
In order to examine the microstructures of the alloy ingots and ribbons with a 
scanning electron rnicroscope (SEM), preparation of samples was necessary. A 
Struers Accutom, with metal bonded diamond edged blade, was used to section 
through each ingot. Cross-sections were cut in two different ways: first, perpen- 
dicular to the general growth direction of the grains, i. e. the direction normal to 
the surface of the crucible; second, parallel to the grain growth direction. In this 
way, a three dimensional understanding of the microstructures could be obtained 
together with a better insight of the solidification process. In all cases accurate 
cuts were achieved despite the brittleness of the materials. 
The cross-sections were then mounted in conducting bakelite (using hot mou- 
nting at 1501C for 5 min), and polished in two stages. Grinding with a Zro2disk 
was the first stage, before polishing to a finish of 1 pm using a series of metal- 
and resin-bonded diamond disks and cloths. The procedure was carried out on a 
Struers Planopol automatic polishing machine. 
In order to examine cross-sections through the melt-spun ribbons, ribbons 
had to be glued on clips so as to be vertical to the observation plane before be- 
ing mounted in epoxy resin (cold mounting). Alumina powder (<100 pm parti- 
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cle size) was added to the resin, with the purpose of balancing the difference in 
hardness between the metal and the resin and reducing the amount of material 
removed during polishing. In order to allow accurate compositional chemical 
analysis to be performed in the microprobe, none of the specimens prepared for 
SEM were etched. 
Optical microscopy carried out on samples of the first alloy, did not pro- 
vide sufficient contrast to allow a detailed study of the phases present in the 
n-dcrostructure. For this reason, it was not used for the microstructural studies 
presented in this thesis. 
Thin foil preparation 
The very hard and brittle nature of the alloys being studied did not facilitate thin 
foil preparation from the as-cast ingots. Slices, with a thickness of 0.8 to 1.5mm, 
were initially cut from each alloy, perpendicularly to the grain growth direction. 
These slices were subsequently mechanically thinned, using 800,1200 and 2400 
grit SiC papers, until a thickness of 80-120 ym was achieved. Great care was 
taken during thinning to avoid crack formation and breaking of the slices, not 
always with success. Once the desired specimen thickness was reached, 3.05 mm 
nickel grids with a 2000 ym hole were glued on them and cut with a razor. The 
3 mm discs thus produced, were then inserted directly in a Gatan PIPS argon ion 
beam thinner. The PIPS system uses two guns and an accelerating voltage of 5 
kV to thin the foils from both sides. The angles used for thinning were between 
4-61 and the time that was required to reach perforation varied between 12 and 
24 hours, depending on the initial thickness of the discs. A Gatan 600 Dual ion 
beam thinner was also used for ion beam milling with an accelerating voltage of 
6 kV and gun angles of 12-15'. 
Samples from the ingots were also prepared by crushing pieces of the alloy 
with a pestle and mortar, to produce fine powder. A dispersion of this powder 
in ethanol was subsequently created and refined even further before placing it on 
a carbon-filin copper grid. Electron transparent particles of the alloy were thus 
produced, which allowed phase identification and electron diffraction, but did 
not reveal useful images of the alloy microstructure. 
TEM specimens from the melt-spun ribbons were prepared by adhering short 
lengths of the ribbons to 3.05 mm copper slit grids. In order to study both the side 
of the ribbon in contact with the wheel (highest cooling rates) and the side of the 
ribbons in contact with air (lower cooling rates), ribbons were glued with their 
curvature facing down and up respectively. The specimens were then thinned 
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directly by inserting them in the ion beam thinner and using the same conditions 
as in the case of the ingot discs. The argon ion guns in this case were placed both 
on the same side of the specimen to ensure thinning from the top to the bottom 
surface or from the bottom to the top surface of the ribbon. The angles used 
varied between 6-8' and 12-151 depending on the ion beam miller. 
3.3.2 X-ray diffraction 
Identification of the crystallographic phases present in the ingots and ribbons of 
all alloys was performed using X-ray diffraction (XRD). A Phillips diffractometer 
with a computerized interface for data acquisition and processing was used. In 
this instrument, X-rays were emitted from a Cu & source (with a wavelength of 
1.540562 A) and were monochromated using a Ni filter, before being directed on 
to the sample under examination. In the case of alloy ingots, a sample with a flat 
surface was cut from the bulk material and polished with SiC paper to 1200 grit. 
When analysing the as-cast ribbons, fine powder was prepared by crushing them 
with a pestle and mortar. The powder was placed in a shallow plastic holder 
and inserted in the diffractometer. General scans were acquired from all samples 
with the 20 angle ranging between 20-900 (scanning step 0.1 or 0.05 degrees). The 
peak positions in the spectra were compared to JCPDS reference cards in order 
to determine the phases that gave rise to the peaks. The detailed XRD data for 
each experiment are presented in appendix B. The presentation of these results 
in chapters 4 and 6 is done in the form of spectra, where most of the peaks are 
identified. 
3.3.3 Scanning electron microscopy 
The n-dcrostructures of the as-cast ingots and ribbons were examined using a 
scanning electron microscope. A Hitachi S-320ON variable pressure SEM was em- 
ployed, equipped with secondary (SE) and backscattered (BS) electron detectors, 
as well as an Oxford Link ISIS energy-dispersive X-ray analyser (EDX). In order to 
avoid charging, silver tags were placed on the bakelite mounted ingot specimens, 
and carbon coatings were deposited on the resin mounted ribbon specimens, be- 
fore inserting them in the microscope. 
The microscope was operated at an accelerated voltage between 15 and 20 kV 
and a working distance of 15-16 mm. Since the secondary electron imaging mode 
conveys mainly topographic information, it was only used to identify porosity 
and cracking on the sample surface. Backscattered electron imaging gives atomic 
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number contrast, thus it was the main tool used in examining the phase distri- 
bution and morphology, the grain shape and size, and the chemical homogeneity 
in the alloy microstructures. These observations were combined with EDX spec- 
tra collected from the phases in order to get qualitative estimations about their 
identity. EDX digital mapping was also employed in some cases to facilitate the 
distinction and identification of phases having very similar contrast. 
SEM was also used for the examination of oxide scales. The morphology of 
the scales was studied using backscattered imaging, while linescan analysis and 
mapping were extensively used in order to determine the composition and dis- 
tribution of the various oxides. 
3.3.4 Electron probe microanalysis 
The chemical compositions of the phases present in the microstructures of all al- 
loys were measured using electron probe microanalysis (EPNIA) on a JEOL JXA 
8600 superprobe. EDX analysis was the main technique used for this purpose. 
Special care was taken to minimize possible errors in the process of quantifica- 
tion. Calibration of the analyser (an Oxford Link ISIS) using a pure Co standard 
was performed prior to collection of spectra from each phase present in the sam- 
ple under examination. This calibration was repeated every hour in order to can- 
cel out any possible errors arising from drift in the electron beam current. Each 
spectrum was collected for a period of 100 seconds, at 15 kV accelerating volt- 
age, in order to allow for sufficient X-ray counts to be obtained. High counting 
statistics give a more reliable data fit and therefore a higher level of confidence 
on the results. At least 8 measurements from each phase were taken from many 
different areas around the specimen. The results presented here are the mean of 
these measurements. The areas analysed were always devoid of cracks or pores. 
The quantification of all EDX spectra was done using a ZAF iterative correc- 
tion and Mo, Si, Al spectrum profiles collected from pure Mo, Si and Al stan- 
dards. In principle, this correction accounts for three factors that reduce the ac- 
curacy in the calculation of an element's concentration by comparing the number 
of counts in the standard and the number of counts in the specimen (Cp,, = 
(NspeclNstd) * Cstd). The atomic number effect (Z), the absorption (A) and the fluo- 
rescence (F) phenomena result from the differences in density and average atomic 
weight that inevitably exist between the standard and the specimen. The atomic 
number correction is concerned with the efficiency with which an element gener- 
ates X-rays, which is different when this element exists in different environments. 
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Additionally, a number of X-rays that travel through the material are being ab- 
sorbed and this number depends on the mass absorption coefficient, y. A cor- 
rection for absorption is thus necessary due to differences in P between standard 
and specimen. Finally, the fluorescence correction is introduced to account for 
the number of high energy X-rays that are losing some of their energy by exciting 
lower energy fluorescent radiation. The degree of accuracy achieved with this 
technique is about 6% if the element concentration is over lOwt% (Goodhew and 
Humphreys, 1992). 
An important issue, when perfon-ning EPMA analysis, is the spatial resolution 
of the technique. This is associated with the electron beam voltage, the compo- 
sition and density of the specimen. Under an accelerating voltage of 15 W, the 
spreading of the electron beam results in a spatial resolution around 1-2.5 Pm 
(Reed, 1993). For this reason, analysis was done only on phases larger than 3 pm 
in order to avoid excitation of X-rays from neighbouring phases and guarantee 
the accuracy of the determined phase composition. The maximum error in the 
results of EPNIA analysis was estimated to be ±1 at%. 
When analysing oxide scales, Mo, Si and Al spectrum profiles were collected 
from Mo, Si02 (quartz) and A1203 standards, and were used for quantification 
of the spectra. In all cases, the oxygen concentration was calculated by deducing 
the percentage of all the other elements from the total percentage. 
3.3.5 Transmission electron microscopy 
In the present study TEM was used for: a) detailed examination of the melt spun 
ribbon n-dcrostructures (phase identification using both analytical and crystallo- 
graphic information), b) obtaining crystallographic information about the phases 
present in the ingot microstructures and possible orientation relationships be- 
tween them. A Phillips CM 200 transmission electron microscope with a LaB(; 
filament as the electron source was employed, operating at 200 kV accelerating 
voltage. This microscope was equipped with an Oxford Link ISIS EDX detector 
and a scanning mode, which allowed the acquisition of digital elemental maps. 
Selected area electron diffraction (SAD) was extensively used to obtain spot 
patterns and provide crystallographic information about the phases present in 
the alloy ingots and ribbons. In order to avoid ambiguities about the crystal struc- 
ture of these phases, systematic tilting around important reciprocal vectors was 
conducted. Since some phases were shared in many of the alloys, this systematic 
tilting was performed only once for each phase: the extinction conditions (as a 
CHAPTER 3: Experimental 82 
result of symmetry, atom positions and atom identity) were confirmed and the 
unit cell parameters were estimated and compared to the expected ones (details 
about the reciprocal space reconstruction of a phase using systematic tilting are 
given in appendix A). In the rest of the cases, tilting to various important low- 
index zone axes was carried out and patterns were recorded. Indexing of these 
patterns was performed on-line using crystallographic software, in which all the 
data (crystal structure, lattice parameters, atom positions) of the phases likely to 
be encountered had been entered. 
Convergent beam electron diffraction (CBED) was also used for obtaining sin- 
gle crystal microdiffraction patterns from fine crystals, the size of which did not 
allow or made difficult the use of selected area diffraction. The Kikuchi patterns 
visible with CBED were very useful guides during tilting for low-index patterns. 
Energy-dispersive X-ray analysis in the TEM provided compositional infor- 
mation about phases which were far too small to be analysed in the microprobe. 
Thin foil EDX has a much better spatial resolution (<50 nm) relative to bulk sam- 
ple EDX, due to the smaller electron-matter interaction volume involved in the 
former case. Steps taken in order to increase the accuracy of the results were: a) 
the use of the maximum acceleration voltage for larger peak to background ratio, 
b) choice of thin areas to maximize spatial resolution. 
3.4 Heat treatments 
Heat treatments of the ingots were carried out under flowing argon atmoshere, 
in order to examine the phase stability and phase transformations in the alloys. 
Experimental data about the equilibrium microstructures were obtained by heat 
treatments at 16000C (1873 K) for alloys 1 and 2, and at 14000C (1673 K) for 
alloys 3,4 and 5. The duration of these heat treatments was 72 hours. The argon 
atmosphere was used to avoid severe oxidation of the alloys. 
Pieces from each alloy were cut and polished before being placed in an alu- 
mina boat and inserted in a tube furnace. The furnace was then sealed and the 
argon flow was set off. The furnace temperature was allowed to rise to the treat- 
ment temperature, and the heat treatment time was measured from the moment 
the desirable temperature was reached. After the end of 72 hours, the alloys were 
furnace cooled. A few blue crystalsOf M003were found deposited on the tube 
walls, and a black/blue coloured film was evident on the alloy pieces. This indi- 
cated that some, but not severe, oxidation had occurred. 
The microstructures of the heat-treated alloys were fully characterized using 
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the same techniques as in the case of as-cast ingots (section 3.3). All the studies 
were performed on areas of the sample away from the surface in order to avoid 
errors resulting from oxidation of the sample. 
3.5 Oxidation studies 
Since Mo-Si-AI intermetallics are potential structural materials for applications 
at elevated temperatures, the oxidation behaviour of all the alloys was studied 
using isothermal oxidation experiments. The oxide scales that formed were sub- 
sequently characterised. 
3.5.1 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a widely used method for the study 
of reactions, phase transformations and oxidation phenomena. In the present 
study DSC was performed on the ingots of all alloys using a Rheometric Sciences 
Thermobalance with maximum operating temperature 15000C (1773 K). This in- 
strument uses a computer interface for the recording and the processing of the 
data. 
The samples for each alloy were in powder form and had an average weight of 
45 mg. They were placed in an alumina crucible and then inserted in the thermal 
balance of the furnace. Another empty alumina crucible was used as a reference. 
Each alloy was tested under both static air and flowing argon atmosphere. An 
attempt was thus made to discover the temperature regimes where most severe 
oxidation occurs, and also to observe any possible phase transformations. When 
the experiment was carried out in air, both the energy flow and the mass changes 
were recorded. When it was carried out under argon (flowing rate 50 ml/min 
with the gas flowing downwards), only the energy flow was recorded. A tem- 
perature range of 20 to 15000C (293 to 1773 K) and a standard heating rate of 
20K/min were used in all the experiments. 
Molybdenum forms volatile oxides, and the formationOf M003 is expected 
particularly at lower and intermediate temperatures (400-9000C). After the ex- 
periments under static air, crystals of this oxide were found condensed on sev- 
eral parts of the instrument. When an argon atmosphere was used, the amount 
of these crystals was reduced to almost zero. However, the dark colour of the 
powder indicated limited oxidation of the sample. 
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Figure 3.5: Schematic of the apparatus used for the isothermal oxidation studies. 
3.5.2 Isothermal oxidation experiments 
The isothermal oxidation behaviour of each alloy in terms of mass gain or loss 
with time was studied using Stanton Redcroft thermal balances (thermogravi- 
metric analysis, TGA). The experiments were conducted under static air at se- 
lected temperatures, for a standard duration of 170 hours (one week). An electric 
tube (A1203)fumace, with a Pt-Ir wire heater, was first heated to the desired tem- 
perature. The prepared sample was then placed in an A1203 crucible standing 
on a balance and the furnace was lowered bringing the specimen to temperature 
rapidly. A schematic of this apparatus is shown in figure 3.5. A thermocou- 
ple, placed underneath the crucible, allowed the monitoring of the temperature. 
The weight of the sample was continuously recorded throughout the experiment, 
with the balance being automatically re-set every five minutes. At the end of each 
experiment, a continuous curve of mass gain or loss versus time was obtained, 
which was used for evaluating the oxidation kinetics of each alloy. In order to be 
able to compare the results, the mass change was normalized against the initial 
surface area of the sample. 
The oxidation samples were cut from the ingots in a cubic shape using a 
Struers Accutom with a diamond impregnated wheel. Their surface was pre- 
pared by polishing all sides with SiC paper to 1200 grit, and cleaning in acetone 
and an ultrasonic bath. Their dimensions were subsequently measured using a 
micrometer and their surface area was calculated. The initial mass of all sam- 
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ples was measured with a microbalance before being loaded in the furnace. The 
weight of the sample after oxidation was also measured. 
3.5.3 Oxide scale studies 
In addition to the kinetics of oxidation, the morphology and the composition of 
the oxide scales that were produced during isothermal oxidation were studied for 
all alloys systematically The adhesion, coherence, and homogeneity of the oxide 
scale are crucial factors affecting its protective capabilities for the underlying al- 
loy. These features, together with the scale composition, can serve as indications 
and/or evidence of the mechanism under which oxidation occurs. 
Specimens from all alloys were oxidized in a furnace under static air, at the 
same temperatures and for the same time period as in the isothermal oxidation 
experiments. The as-received oxidized surface was then examined using X-ray 
diffraction. Vertical cross-sections of the samples were cut, mounted and pol- 
ished before being examined by SEM and EPMA. Characterisation of the oxides 
included crystallographic information, combined with images of the oxide scale, 
EDX elemental mapping, spot and line analyses. The experimental conditions 
of the techniques used in the oxide scale studies were the same as those for the 
microstructural characterisation (section 3.3). The oxide scales had in some cases 
submicron thickness, in which case X-ray photoelectron spectroscopy (XPS) was 
used in order to determine their composition. 
3.6 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy was used in the present study for two pur- 
poses: a) to study the thin oxide scales that formed during oxidation, b) to study 
the alloying behaviour of Mo, Si and Al inMOSi2andMOSi2+AI alloys. In the first 
case, a VG Scientific ESCALAB MKH spectrometer was used, at the University of 
Surrey surface analysis laboratory. In the second case, the high energy ESCA-300 
SCIENTA spectrometer at RUSTI, Daresbury Laboratory was employed. 
An X-ray photoelectron spectrometer consists of an X-ray source, an elec- 
tron energy analyser and an electron detection system, all contained within a 
vacuum chamber and controlled by a dedicated computer for data acquisition 
and processing. The vacuum system operates in the ultra-high vacuum range of 
10-6 _ 10`3 Pa (Watts, 1990) in order to avoid electron scattering due to residual 
gas molecules as well as oxidation and/or gas absorption onto the surface of the 
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sample. 
3.6.1 Basic principles and spectrum characteristics 
XPS is the most widely used surface characterisation technique. Its strength lies in 
the chemical state infon-nation it provides for the surface or near-surface regions 
of a material (Watts, 1994). The basic principle of XPS is the photoionization phe- 
nomenon. The interaction of an X-ray photon (energy hv) with the atoms of a 
sample leads to the ejection of photoelectrons, as shown schematically in figure 
3.6a. The kinetic energy (EK) of the ejected photoelectron is related to the electron 
binding energy (EB), the parameter that defines both the element and the atomic 
level from which it emanated, with the following relation 
EB 
=hv-EK-o-SE 
The instrumental term contained within the above expression is the spectrometer 
work function, 0. The term JE reflects the electrostatic charging of the specimen 
that occurs uniformly across the energy scale when the material has insulating 
properties (polymers, oxides). This charging reduces the kinetic energy of the 
outgoing electrons and is seen as a slight increase in the peak position (0-5 eV) on 
a binding energy scale. Charge referencing is readily accomplished by correcting 
the position of a known peak to a standard position. The most widely used peak 
is the C Is line at 285.0 eV. Since all the quantities at the right hand side of equa- 
tion 3.1 are either known (0, JE) or determined experimentally (EK), the calcula- 
tion of the binding energy of the photoelectrons becomes quite straightforward. 
The experimental data are plotted in a graph of intensity (essentially number of 
counts) versus binding electron energy. Changing the photon energy will alter 
the kinetic energy of the ejected photoelectron, while the binding energy, being 
an intrinsic property of the atom, will remain unchanged. The advantage of us- 
ing the binding energy scale is therefore apparent, since peak positions in it are 
invariant with the excitation source. 
The initial excitation event due to the emission of the photoelectron is fol- 
lowed by a de-excitation process. An outer shell electron fills the core hole pro- 
duced by photoemission, leading, for energy conservation reasons, to either the 
emission of an X-ray photon or of a secondary electron through a radiationless 
transmission. This latter process is known as the Auger electron emission process 
(figure 3.6b). The production of Auger electrons and of X-rays are two compet- 
itive effects. If characteristic X-ray emission occurs (more probable in elements 
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Figure 3.6: a) Schematic of the photoemission process. b) De-excitation of a core 
hole by emission of an Auger electron. 
with high aton-Lic number) the energy of the emitted photon is given by the en- 
ergy difference between the two levels involved in the transition plus the work 
function 0. For example, a If,, X-ray is produced, with energy 
E= EK - EL2,3+0 (3.2) 
if the levels K and L2,3 are involved in the transition. In the case of elements with 
low atomic number Auger electron emission is more probable. The kinetic energy 
of this Auger electron equals approximately the difference between the energy 
level of the core hole (EK) and the energy levels of the two outer electrons, the 
electron that fills the hole (ELI, 3) and the Auger electron 
(EL,,,, ), according to the 
equation 
EKL2,3L2.3 '-"- EK - 
EL2,3 
-EL2,3 (3.3) 
A very important feature of the Auger electron emission described by this equa- 
tion is that the kinetic energy EKL2,3L2,3 is independent of the excitation energy 
used to produce the initial core hole state. It is for this reason that Auger spectra 
are usually presented in a graph of intensity versus kinetic electron energy. 
The major features of an XPS spectrum, therefore, are the photoelectron peaks 
due to photoemission and the associated Auger electron peaks resulting from 
the de-excitation process. Secondary structure is also included in the spectrum, 
resulting from characteristic energy losses that the photoelectrons suffer as they 
are ejected from the sample. These well defined losses should not be confused 
with the general cascade of inelastic collisions that occur once an electron has 
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been ejected and give rise to a step-like background; they involve promotion of 
electrons (either core or valence) within the atom to a higher energy level, and the 
consequential loss of kinetic energy by the photoelectron is observed in the XPS 
spectrum as a minor peak to the higher binding energy side of the characteristic 
core level. Such phenomena include shake-up satellites, multiplet splitting and 
plasmon excitation. 
Shake-up satellites occur when the outgoing electron interacts with a valence 
electron and promotes it to a higher level. Multiplet splitting may occur in a com- 
pound that has unpaired electrons in the valence band and arises from different 
spin distributions in the electrons of the band structure. Plasmon peaks are the 
result of collective oscillations in the conduction band brought about by the out- 
going electron which suffers a discrete energy loss, the plasmon frequency (or 
multiples of this value). They are observed as a characteristic series of peaks on 
the high binding energy side of the main core line. 
A quantity known as the Auger parameter (a) was defined by Wagner (1975) 
as the difference between the kinetic energies of the Auger and the photoelectron 
peaks of the same element in the same spectrum. The Auger parameter (AP) is 
independent of any electrostatic charging of the specimen or the work function 
of the spectrometer; these are all cancelled out, making the parameter a unique 
property of each compound. The Auger parameter will be presented in more 
detail in chapter 5. 
A very important application of XPS is in corrosion and oxidation science, 
where the chemical nature and the distribution of metal oxides and hydroxides 
can be studied using binding energy shifts and depth profiling respectively. The 
addition of a valence electron (reduction) results in a decrease of the effective 
positive charge (or increases the shielding of the photoelectron) on the atom, thus 
reducing the binding energy (negative shift). In contrast, the removal of a valence 
electron (oxidation) increases the binding energy (positive shift). The shifts of 
the Auger peaks are in general larger than the photoelectron peaks, since the 
Auger transition involves three electrons (two-hole configuration) and thus the 
relaxation energy of the electron cloud in much bigger. The exact position and 
the identification of a peak and its components can be achieved with computer 
assisted spectrum peak deconvolution. Conclusions about the chemical state of 
an atom can thus be drawn; an example is the oxidation state of an element that 
has been oxidized under certain conditions and the identity of the oxide it forms. 
Depth profiling can provide elemental information as a function of depth, and can 
be either non-destructive (by tilting the specimen a different depth is sampled), 
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or destructive (ion beam sputtering removes the upper material and allows the 
material underneath to be probed). 
3.6.2 Oxide scale studies using XPS 
The thin oxide scales that formed on some alloys during isothermal oxidation, 
were analysed using XPS. The VG Scientific ESCALAB MKII spectrometer used 
for this purpose had an X-ray source that consisted of an Al/Mg twin anode and 
produced characteristic unmonochromatized Al or Mg K. radiation (photon en- 
ergy 1486.6 eV and 1253.6 eV respectively). A hemispherical sector analyser (HSA 
or CHA) was fitted on the instrument, as well as a VGS 5000-S data system based 
on a DEC PDP11/73 computer. The Mg K,, radiation was used for all experiments 
(with the exception of one specimen which was examined using Al K. radiation 
due to problems with the Mg source). The reason for this is the overlapping of 
the Al KLL peak and the Si 2p peak at around 100 eV when Al K. radiation is 
used. 
The oxidized specimens were placed onto specimen holders with double- 
sided adhesive tape, before being inserted in the analysis chamber. The spectra 
were collected at a take-off angle of 45 degrees relative to the specimen surface. 
Survey spectra were recorded in the binding energy range of 0-1100 eV at a con- 
stant analyser energy (CAE) of 100 eV. High resolution spectra of the Al 2p, Si 
2p, Mo 3d, 0 ls and C ls photoelectron peaks, as well as the Si KLL Auger peak, 
were also recorded at 50 eV CAE. Table 3.2 summarizes all the spectral acquisition 
parameters. In order to get a description of the relative amounts of aluminium, 
silicon and molybdenum oxides present in the oxidation products, quantification 
of the spectra was performed using the Wagner sensitivity factors for the above 
peaks. 
3.6.3 High energy XPS 
High energy XPS experiments were performed in order to calculate the Auger 
parameters of Mo, Si and Al in the binary MOSi2 and ternary MOSi2+AI inter- 
metallic compounds. MOSi2 and MOSi2+Al alloys with three different Al contents 
(10,22.6 and 40 at%) were produced by arc melting as described in section 3.2.1. 
Samples from all these alloys as well as from pure Mo, Si, Al standards, were pol- 
ished down to 1 pm using SiC paper and diamond pads. Ultrasonic cleaning with 
acetone and inhibisol was employed for removing the lubricant and the grinding 
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Table 3.2: XPS spectral acquisition conditions. 
PEAKS STEP 
SIZE 
(eV) 
DWELL 
TIME 
(msec) 
NUMBER 
OFSCANS 
ENERGY 
RANGE 
(eV) 
PASS 
ENERGY 
(eV) 
Survey 1.0 200 2 1100 100 
C ls 0.2 200 5 25 50 
Ols 0.2 200 3 25 50 
Al 2p 0.2 1 200 7 25 50 
Si 2p 0.2 200 7 25 50 
Mo 3d 0.2 200 7 25 50 
Si KLL 1 0.2 200 5 30 1 50 
medium from the surface of the samples. Each sample was then placed on a sim- 
ilarly cleaned holder using a double sided adhesive tape, and was inserted in the 
spectrometer. The samples were sputtered in the preparation chamber by argon 
ion bombardment at 5 KV, 50 pA before being transferred into the main chamber 
for analysis. The purpose of the argon sputtering was to remove any remaining 
contamination from specimen preparation as well as any surface oxide. The du- 
ration of argon sputtering varied according to the sensitivity of the material to 
ion bombardment. The pure standards of Mo and Si were sputtered for 40 inin- 
utes, while pure Al was sputtered for 90 minutes because of its high tendency 
to oxidize even at room temperature. MOSi2 andMOSi2+AI were sputtered for 
approximately 15 minutes in order to avoid severe preferential sputtering, since 
Mo, Si and Al have different sputtering rates. 
The Scienta ESCA-300 spectrometer at the CLRC Daresbury Laboratory was 
used for recording the spectra. The spectrometer is equipped with a monochro- 
mated Al K,,, (1486.6 eV) and a Cr K, 6 (5946.86 eV) source, which produces high- 
intensity X-rays when an electron beam hits either the Al or the Cr stripe on the 
rim of a rotating anode. The X-rays are subsequently diffracted through a 7- 
crystal quartz monochromator before hitting the sample. The emitted photoelec- 
trons pass through a multi-element electron lens and enter the high resolution 
concentric hemispherical analyser (CHA) through one of the eight possible slit 
aperture pairs. The monochromator can be optimised for either Al K,, or for Cr 
Kp monochromation. In the latter case, a monochromated 41h order Cr K# radi- 
ation is produced with a line-width of 1.8 eV. When the source is optin-dsed for 
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Table 3.3: Electron spectroscopic features used in the Auger parameter analysis. 
ELEMENT PHOTOELECTRON PEAK AUGER PEAK 
(Cr Kp excited) (Cr Kp excited) 
mo 2p3/2 LMM 
si ls KLL 
Al ls KLL 
Cr Kfi radiation, there is still some Al K,, radiation present in the beam, which 
is particularly useful for exciting low binding energy features such as the Al 2p, 
whose Cr Kp cross-section would be unacceptably low (Beamson et al., 1990). 
The main advantage of using a high energy XPS is the excitation of deep core 
level photoelectrons and Auger electrons that cannot be excited using a conven- 
tional source. Studies of charge transfer via changes in the Auger parameter 
(chapter 5) require the use of core-core-core (CCC) Auger transitions, in our case 
the Mo LMM, Si KLL and Al KLL. Furthermore, the high energy source increases 
the sampling depth because of the high kinetic energies of the excited photoelec- 
trons; and Auger electrons. This makes the acquisition of spectra less sensitive to 
surface contamination, while allowing to probe deeper within the material. 
As the monochromator makes use of the low intensity Cr K, 6 satellite, which is 
a very broad feature in the X-ray spectrum, minor adjustments to the monochro- 
mator crystals may give rise to a change in the characteristic photon energy trans- 
mitted by the monochromator without the usual (for Al KJ reduction in photon 
flux. As our measurements rely on differences in the Auger parameter, the val- 
ues for the pure elements were recorded immediately prior to the data for the 
alloys. This was deemed essential in order to provide improved accuracy com- 
pared with using data acquired during previous sessions. Survey spectra were 
recorded from all samples at a constant analyser energy (CAE) of 500 eV. The 
high resolution spectra were obtained at 300 eV CAE and included the following 
peaks: Mo 2P3/2, r Mo LMM, Si 1s, Si KLL, Al ls and Al KLL using the Cr Kfi source 
and Mo 3d, Si 2p and Al 2p using the primary Al & source. The peaks chosen 
for the calculation of the AP of Mo, Si and Al are shown in table 3.3. Carbon and 
oxygen spectra, acquired after sputtering and after the long acquisition times re- 
quired for the core level spectra, showed a very low level of surface contamina- 
tion. In all cases the sample surface was normal to the analyser electron optics 
(take-off angle 900), in order to ensure the maximum possible analysis depth (3A, 
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where A is the inelastic mean free path). Both spectral acquisition and subsequent 
data processing were performed using the PC-based SCIENTA software. Peaks 
were fitted using Voight functions on a Shirley background with both the peaks 
and the background being optimised during the peak fitting process. 
Chapter 4 
Solidification and microstructural 
studies of Mo-Si-Al alloys 
4.1 Introduction 
In this chapter the characterisation of the microstructures of five alloys from the 
Mo-Si-Al ternary system will be presented. The studies were performed both on 
conventionally solidified ingots (near-equilibrium solidification), and on rapidly 
solidified ribbons (non-equilibrium solidification) . The solidification behaviour 
of all the alloy ingots and ribbons will be examined, and the effect of processing 
route on the phase selection and morphology will be considered. Finally, the 
phase equilibria of the ternary system will be discussed in combination with the 
results of the experimental study. 
4.2 Microstructural characterisation of the alloys 
4.2.1 Alloy 1: 50 Mo - 45 Si -5 Al 
Study of the as-cast ingot 
The composition of the as-cast ingot of alloy 1 is given in table 4.1. Figure 4.1 
shows the X-ray diffraction pattern taken from it. Indexing of the peaks revealed 
the presence of two phases, the C40-Mo(Si, AI)2 and MO5Si3 (see table B. 1 in ap- 
pendix B for a detailed presentation of the data; see also section 3.3.2). No char- 
acteristic peak Of C11b-MOSi2 was identified. The measured d-spacings of the 
phases at very low angles displayed a small systematic deviation from the refer- 
ence d-spacings. Change in the lattice parameters due to different Al content, as 
93 
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Figure 4.1: XRD spectrum of the as-cast ingot of alloy 1. 
Table 4.1: Alloy 1 average composition, as determined using large area analysis 
in the EPMA (at%). 
ALLOY 1 As-cast ingot I Heat-treated ingot I Melt-spun ribbons 
Large area analysis 
Mo 48.3 48.4 53.2 
Si 46.4 47.2 42.6 
Al 5.3 4.4 4.2 
well as residual stresses in the ingot resulting from the solidification process, are 
most probably the reasons for this shift. 
Figure 4.2a shows a backscattered electron image of the alloy's microstruc- 
ture in a cross-section perpendicular to the general grain growth direction. Large 
cells of a primary white-coloured phase were observed, surrounded by a eutectic 
matrix of irregular morphology. The shape of the primary white phase varied be- 
tween different areas of the sample, from square-like facetted to round-irregular. 
Its size was in the range of 10-20ym. The eutectic structure consisted of a light 
and a dark contrast phase, with the eutectic spacing being 1-2/im. When a cross- 
20 30 40 50 60 70 80 90 100 110 120 
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Table 4.2: EPMA results (in at%) for the phases present in the as-cast ingot, after 
heat treatment for 72 hours at 1600'C, and in the melt-spun ribbons of alloy 1. 
ALLOY 1 As-cast ingot Heat-treated ingot Melt-spun ribbons] 
Large white 
phase: 
MO 59.6 60.4 62.5 
Si 39.4 39.1 36.4 
Al 1.0 0.5 1.1 
Eutectic 
light phase: 
MO 59.8 60.3 
Si 39.1 39.1 Sub-micron 
Al 1.1 0.6 
Eutectic 
dark phase: 
Mo 32.8 32.8 
Si 56.2 58.0 Sub-n-dcron 
Al 11.0 9.2 
section parallel to the grain growth direction was studied (figure 4.2b), the same 
phases were observed with a different two-dimensional morphology. The pri- 
mary white particles were mostly longitudinal facetted, while the eutectic matrix 
had a lamellar-like appearance. Quantitative analysis in the EPMA showed that 
the composition of the primary phase corresponded to M05Si3, with around 1 
at% Al in solid solution. Almost the same M05Si3 composition was found for 
the light contrast constituent of the eutectic, while the dark contrast phase had 
the Mo(Si, AI)2 stoid-dometry with --11 at% Al. The results of the EDX analysis 
are summarized in table 4.2. In some cases, within the primary grains Of MO5Si3 
a eutectic structure identical to the one of the matrix had developed, as seen in 
figure 4.2c. Another prominent feature of the alloy ingot microstructure was the 
presence of severe cracking through and on the grains of the primary MO5Si3. 
TEM studies of thin foils from the ingot of alloy 1 confirmed the results of XRD 
and EPMA. The bright field (BF) image shown in figure 4.3a was taken from the 
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eutectic matrix and is characteristic of its morphology. The presence of Mo. 5Si3 
and C40-Mo(Si, AI)2was proved by obtaining selected area electron diffraction 
patterns (SADPs) from these phases (figures 4.3b, c). In the same manner, the 
large grains of primary phase were identified asMO5 Si3 - 
Mason et al. (1995) have reported that in directionally solidifiedMOSi2-MO5Si3 
eutectics an orientation relationship exists between the two tetragonal structures, 
consisting0f [1101 MOSi2 
11 [1101 M05Si3 and(110) MOSi2 
11 (002) Mo5Si3- Since 
the C11b structure is related to the C40 (section 2.3.2), it was interesting to exam- 
ine whether an orientation relationship is present in the C40 Mo(Si, AI)2-MO5Si3 
eutectic of alloy 1, and whether it is related to the oneOf MOSi2-MO5Si3. Tilting 
to the [11H] axis of C40-Mo(Si, AI)2 showed that it is almost parallel to the [0011 
axisOf M05Si3 (1-21 approximate deviation, figure 4.4). By examining the coin- 
ciding spots in the diffraction pattern and by using appropriate crystallographic 
software (CaRiNe) to plot and superimpose the stereographic projections of the 
two phases, the (0111) plane of the C40-Mo(Si, AI)2was found to be parallel to the 
(011) planeOf M05Si3. Hence: 
[1123IC40 11 [001IT1 
(0! 11)C40 11 (011)Tl 
This relationship was confirmed in more than one area. A small variation in the 
angle of deviation of the [0011T, axis from the [1129IC40 axis was found to exist 
from area to area (up to --4'). Comparing the relationship between C11b and 
T1, the relationship between C11b and C40 Q1120IC40 11 [111]cll, and (0001)C40 11 
(110)cll, (Inui et al., 1998)) and the above relationship between C40 and T1, it can 
be seen that no direct crystallographic connection exists between the three OR. 
Study of the heat-treated ingot 
Heat treatment of the ingot did not modify the phases present in the microstruc- 
ture. Figure 4.5 gives the results of XRD performed on a heat-treated sample. 
All the peaks present in the spectrum could be assigned to either M05Si3 or C40- 
Mo(Si, AI)2 (see table B. 2). 
SEM and EPNIA study of the heat treated ingot revealed no changes in the 
alloy's microstructure, which still included large white particles of Mo5Si3 and a 
eutectic matrix Of MO5Si3 and C40-Mo(Si, AI)2 (figure 4.6a). The composition of 
the phases did not change dramatically either (table 4.2); a small reduction in the 
Al content of C40 was the most apparent change, probably as a result of the small 
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Figure 4.2: Backscattered electron (BSE) micrographs of the as-cast ingot of alloy 
1. 
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Figure 4-3: (a) Typical TEM micrograph (BF) of the as-cast ingot of alloy 1, show- 
ing theM05Si3 (dark contrast) and C40-Mo(Si, AI)2 (light contrast) phases in the 
eutectic matrix of the ingot. Also shown are SAD patterns taken fromMO5Si3 
with the beam parallel to the (bl) [1111, (b2) [1031 axes, and from C40-Mo(Si, AI)2 
with the beam parallel to the (6) [0011, (c2) [0111 axes. 
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Figure 4.4: (a) SAD pattern taken from both T1 and C40 in the eutectic of alloy 
1, showing the orientation relationship between the two phases. (b) Key to the 
previous pattern. (c) Superimposed stereographic projections of T1 and C40 pro- 
duced using the parallel (1322)c4o and (550)TI planes. 
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Figure 4.5: XRD spectrum of the heat-treated ingot of alloy 1. 
shift in the overall alloy composition (table 4.1). The most prominent effect of 
the heat treatment was grain coarsening. The average sizeOf M05Si3 increased 
to 50-70Am, while two different sizes were observed for the eutectic structure. A 
coarse eutectic, with a spacing of approximately 4-5pm, appeared in most areas. 
However, islands of finer eutectic had still remained, with a spacing similar to 
the one in the as-cast alloy (1-2 ym). Crystallographic factors such as a preferred 
orientation between two phases are known to have a retarding effect on the grain 
growth of lamellar structures during annealing. The mechanisms for the evolu- 
tion of such structures include generation of lamellar terminations at low angle 
boundaries and migration of these terminations, or of pre-existing terminations, 
through the material (Whiting and Tsakiropoulos, 1997). In the present alloy, at 
the areas of the finer eutectic, less defects of this sort were probably present, hence 
coarsening was delayed relative to the other areas where these defects provided 
a mechanistic route for more rapid coarsening. 
The same phases were identified using selected area diffraction in the TEM 
(figures 4.6b, c). 
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Figure 4.6: (a) Backscattered electron (BSE) micrographs of the heat-treated ingot 
of alloy 1. Also shown are SAD patterns taken from the heat-treated ingot of alloy 
1: (bl) [0101, (b2) [1211 MOr. Si3 axes, and (cl) [101], (c2) [1021 C40-Mo(Si, AI)2 axes 
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Figure 4.7: XRD spectrum of the melt-spun ribbons of alloy 1. 
Study of the melt-spun ribbons 
In the melt-spun ribbons of alloy 1. M05Si3 and C40-Mo(Si, AI)2 were both iden- 
tified using X-ray diffraction (figure 4.7, table B. 3). Peaks corresponding to C11b- 
MOSi2 were again absent, as in the case of the as-cast ingot. 
Figure 4.8 shows SEM backscattered electron images taken from through thick- 
ness cross-sections of alloy ribbons. In the general view of the ribbon microstruc- 
ture two zones can be observed. In the upper part of the ribbon, where the melt 
was in contact with the atmosphere, a microstructure that resembles the one of 
the alloy ingot can be found (zone B, figure 4.8b). Equiaxed primary cells of a 
white phase have grown with a facetted morphology in a eutectic matrix exhibit- 
ing dark and light contrast. At the lower part of the ribbon, where the melt came 
in contact with the spinning wheel, a columnar microstructure is evident with 
light-coloured cells growing next to a dark-coloured phase (zone A, figure 4.8c). 
These cells have a longitudinal shape and vertical orientation from the bottom of 
the ribbon upwards, until a point where they become equiaxed. Further up they 
gradually become surrounded by a eutectic matrix, and zone B starts. The size of 
both phases in zone A is less than lpm, and for this reason EDX quantitative anal- 
ysis could not be performed in order to determine their composition. In zone B 
the eutectic spacing was also submicron, but the size of the primary white phase 
20 30 40 50 60 70 80 90 
CHAPTER 4: Solidification and microstructural studies of Mo-Si-Al alloys 103 
Table 4.3: Phases identified in alloy 1. 
Alloy 1 Phases 
M05Si3 C40-Mo(Si, AI)2 
Ingot V 
X-rays H. T. Ingot v 
Ribbons V V 
Ingot V V 
EPNIA 
H. T. Ingot V 
Ribb 
WS - Zone A ? ons FS - Zone B 
Ingot 
TEM 
H. T. Ingot 
Ribb 
WS - Zone A ons FS - Zone B 
(5-10ILm) allowed analysis of its composition, which was found to correspond to 
M05Si3 (table 4.2). 
TEM of alloy 1 ribbons was carried out in order to clarify the nature of the 
phases that could not be analysed in the microprobe. In figures 4.9a and 4.9b 
bright-field images taken from zone A and B respectively are shown. In zone 
A, nanoscale grains of two different phases were found with an average size of 
200nm. EDX digital mapping showed that one of these phases was Mo-rich, while 
the other was Si-rich (figure 4.10). Selected area diffraction confirmed that the 
former isM05Si3 and the latter C40-Mo(Si, AI)2 (figures 4.9cd). In zone B, the 
eutectic spacing was measured to be in the order of 100 nm or less, and qualitative 
EDX analysis of its constituents suggested that they are the same as in the alloy 
ingot, namelyM05Si3and C40-Mo(Si, AI)2 (figure 4.11). 
In summary, table 4.3 presents the phases that were identified in the micro- 
structures of alloy 1 ingot, ribbons and heat-treated ingot using XRD, TEM and 
EPMA. 
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Figure 4.8: Typical SEM micrographs of a melt-spun ribbon of alloy 1: (a) General 
view. (b) High magnification image of zone B (free side - 
FS). (c) High magnifica- 
tion image of zone A (wheel side -WS). 
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Figure 4.9: (a)TEM micrograph (BF) of zone A of the melt-spun ribbons of alloy 
1. (b) TEM micrograph (BF) of zone B of the ribbons. The dark contrast phase 
is MorSi: j, while the bright contrast phase is C40-Mo(Si, 
AI)2. (CI) [1101, (c2) [201] 
SADPs from Mo5Si: j, and (dl) [1001, (d2) [2111 SADPs from C40-Mo(Si, AI)2- 
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Figure 4.10: FDX digital maps from the zone A of alloy I ribbons: (a) Al, (b) Si, 
(C) Mo. 
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Figure 4.11: EDX spectra taken from the eutectic in zone B of alloy I ribbons: (a) 
M05Si3, (b) C40-Mo(Si, AI)2- 
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Figure 4.12: XRD spectrum of the as-cast ingot of alloy 2. 
4.2.2 Alloy 2: 62.5 Mo - 25 Si - 12.5 Al 
Study of the as-cast ingot 
X-ray diffraction experiments performed on the ingot of alloy 2 revealed the pres- 
ence of two phases, M05Si3 and M03SL The indexing of the peaks of the spectrum 
in figure 4.12 is presented in table B. 4. Study of the microstructure under the 
SEM gave the photographs shown in figure 4.13. Irregularly-shaped particles of 
a white phase were found dispersed in a grey matrix. At the interface of these two 
phases, in the circumference of the white particles and sometimes between them, 
small amounts of a third black-coloured phase could be distinguished. Tlie size 
of this black phase was usually around 1-2/im, reaching in some cases 5-6/im. The 
dispersed white particles had no particular shape, while their size increased dra- 
matically when moving from the edge of the ingot (the part in direct contact with 
the crucible walls) towards its n-Liddle: near the middle of the ingot the white 
phase was approximately 1Ox4OjLm in size, which reduced to 5xlO/, Im near the 
ingot edge. In the latter area the shape of the particles seemed to become more 
round-shaped. A cross-sectional view parallel to the general growth direction did 
not reveal a different morphology of the phases present in the microstructure. 
The backscattered electron images of alloy 2 were additionally characterised 
20 30 40 50 60 70 80 90 100 110 120 
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Table 4.4: Alloy 2 average composition, as determined using large area analysis 
in the EPNIA (at%). 
ALLoy 2 As-cast ingot I Heat-treated ingot I Melt-spun ribbons 
Large area analysis 
Mo 62.6 63.0 66.8 
Si 25.5 26.1 23.5 
Al 11.9 10.9 9.7 
Table 4.5: EPNIA results (in at%) for the phases present in the as-cast ingot, after 
heat treatment for 72 hours at 1600'C, and in the melt-spun ribbons of alloy 2. 
ALLOY 2 As-cast ingot Heat-treated ingot Melt-spun rib 
Grey matrix 
phase: 
Mo 61.3 60.9 Analysis 
Si 31.6 29.6 not 
Al 7.1 9.5 performed 
White particle 
phase: 
Mo 73.2 73.6 Analysis 
Si 13.5 10.6 not 
Al 13.3 15.8 performed 
Black phase: 
Mo 33.7 
Si 1.8 - Sub-micron 
Al 64.5 
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by a varying contrast between different areas of the grey matrix. Quantitative 
analysis in the EPMA (tables 4.4 and 4.5) showed that this was due to significant 
chemical inhomogeneity present in the matrix. The composition of the matrix cor- 
respondedtO M05(Si, AI)3, with increased Al content relative to alloy 1. This Al 
content varied between 4.5 and 10 at%, while the percentage of Mo in the phase 
was almost stable at ý-61 at%. In table 4.5 the average Al percentage is presented. 
The stoichiometry of the white phase was that of theM03(Si, Al) compound, and 
it also displayed a range of Al and Si contents, although narrower than the one 
of T1. The black phase was found to be Al-rich, with very little Si (<2 at%), 
and a Mo/Al ratio between the Mo/Al ratios of theM03Al8andM037A1G3 COM- 
pounds. The fact that this phase was not identified in the XRD spectra of the alloy 
is probably due to its very low volume fraction in the overall miscostructure. This 
necessitated the use of electron diffraction in order to identify this phase. 
Figure 4.14a shows a TEM micrograph taken from the as-cast ingot of alloy 
2. The bright phase with the small precipitates is the Al-rich unknown boundary 
phase (its EDX spectrum is presented in figure 4.15a). Selected area diffraction 
was performed and indexing of the patterns proved that this was theM03A18 
compound. The small precipitates in it had a high Mo content and also contained 
low amounts of Fe (figure 4.15b). Fe is a common impurity in Al and Mo met- 
als and this could be the source of its incorporation in the precipitates. Obtaining 
SADPs from them proved extremely difficult due to their very fine size. Therefore 
the exact nature of the precipitates inM03A18could not be established. However, 
it is evident that the unexpectedly Mo-rich composition of the black boundary 
M03AI8 phase that was determined by EPMA is the result of averaging of the 
two compositions (M03AI8 and precipitates). The presence of Mo5(Si, AI)3 and 
M03(Si, Al) was also confirmed by SAD. Figures 4.14b, c, d show electron diffrac- 
tion patterns from all the phases present in the ingot of alloy 2. 
Study of the heat-treated ingot 
After heat treatment, the phases that were found in the ingot of alloy 2 using X- 
ray diffraction were the same as before: Mo, 5(Si, AI)3 and M03(Si, Al) (figure 4.16, 
table B. 5). The measured d-spacings corresponded precisely to the reference ones, 
and this was also the case for the as-cast ingot despite the significant amounts of 
Al included in both phases. 
SEM studies showed that two phases existed in the microstructure after heat 
treatment (figure 4.17a). A grey matrix, whose quantitative EDX analysis gave 
M05(Si, AI)3, and a white phase with the composition Of M03(Si, Al) (table 4.5). 
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FigUre 4.13: SENI micrographs taken t1Ic ds-Cast 1119()t of alloy 2. (a) View 
of a cross-section vertical to the general grain growth direction. (b) Similar view, 
taken near the edge of the ingot. (c) View parallel to the general grain growth 
direction. 
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Figure 4.14: (a) TEM bright field image showing the Al-rich boundary phase in 
the ingot of alloy 2 surrounded by Mor, (Si, Al): i andM03(Si, Al). Also shown are 
SAD patterns taken from the present phases: Mor)(Si, Al):, phase with the beam 
parallel to (bl) [101], (b2) [2011, axes. Mo: i(Si, Al) phase with the beam parallel to 
(cl) [0011, (c2) [1021 axes. Mo:, Als phase with the beam parallel to (dl) [110], (d2) 
ý) 1. 
cl 
[1301 axes. 
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Figure 4.15: EDX spectra collected from (a) the boundary M03AIB phase and (b) 
the dark precipitates in it. 
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Figure 4.16: XRD spectrum of the heat-treated ingot of alloy 2. 
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Minimal variation in the compositions of the two phases was observed upon 
analysing different areas of the sample, which indicates that homogenization of 
the as-cast alloy ingot occurred during the annealing treatment. The Al concen- 
tration in Mozj(Si, AI)3was always --9.5 at%, while inM03(Si, Al) it was higher 
than that of Si, at --16 at%. Furthermore, the average size of the white phase in- 
creased to about 20x50ym. No trace of the blackM03AI8 phase, present in the 
as-cast alloy, could be found anywhere in the heat-treated sample. This indicates 
thatM03AI8 had dissolved in the alloy during heat treatment. The high degree 
of porosity in the sample under examination could be taken as indication about 
the dissolution mechanism. The heat treatment temperature was higher than the 
compound's melting point. As a result, liquidation Of M03AI8 occurred during 
heat treatment. The comparable size of these voids with the black phase of the 
as-cast ingot microstructure and their placing at the borders of the M03(Si, Al) 
phase, are the main evidence for the above. 
Selected area diffraction studies in the TEM were carried out in order to pro- 
vide further evidence about the nature of the phases in the heat-treated ingot of 
alloy 2. The patterns in figures 4.17b, c belong to the T1 and A15 phases. 
Study of the melt-spun ribbons 
X-ray diffraction performed on the ribbons of alloy 2 indicated the existence of 
two phases, namely Mo, 5(Si, AI)3 and M03(Si, Al). Figure 4.18 and table B. 6 show 
the XRD results. No peaks corresponding to M03AI8 were found in the spectrum. 
The two major peaks of this phase, from the 1113} and Jh2} sets of planes, are 
expected to appear at 2.28 and 2.229A respectively. Only a small peak at 2.27A 
was recorded, but it is more likely coming from the T1 phase, whose 1330} planes 
give rise to a weak peak at 2.274A. It was concluded that XRD did not indicate 
the presence Of M03AIs. At low 20 angles a raised background can be observed, 
reaching its maximum at --30" and then falling to normal after ý-45'. The same 
background was also present in spectra collected from the ribbons of other alloys. 
Its appearance resembles that of an amorphous material's spectrum, and a scan 
taken from the plastic holder where the ribbon powder was placed during XRD 
experiments, proved that it was the holder that gave rise to this peak. 
As it can be seen in the SEM micrographs of figure 4.19, the ribbons of alloy 
2 exhibited a two zone microstructure, similar to the one of alloy 1. In zone A 
(wheel side of the ribbon), a featureless microstructure can be observed. Quan- 
titative EDX analysis in the microprobe showed that it had a composition of Mo 
67.3 at%, Si 22.5 at% and Al 10.2 at%, which is very close to the average ribbon 
CHAPTER 4: Solidification and microstructural studies of Mo-Si-Al alloys 114 
bl 
a 
b2 
cl 
c2 
Figure 4.17: (a) Typical BSE micrograph taken from the ingot of alloy 2 after heat 
treatment. SAD patterns taken from the heat-treated ingot of alloy 2 are also 
shown: Mo5(Si, Al): i phase with the beam parallel to (bl) [0011, (b2) [1131 axes, 
and Mo: j(Si, Al) phase with the beam parallel to (cl) [112], (c2) [101] axes 
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Figure 4.18: XRD spectrum of the melt-spun ribbons of alloy 2. 
composition (table 4.4), and 5 at% richer in Mo than the T1 phase. This could indi- 
cate either the formation of a non-equilibrium phase with the above composition, 
or the presence of nanocrystalline phases whose compositions were averaged in 
the above analysis. Moving up towards the free surface of the ribbon, longitudi- 
nal cells of a white phase appear in a transition area which is then succeeded by 
zone B: equiaxed cells of the white phase are surrounded by a grey matrix, with a 
black phase existing at the boundaries of the former. This microstructure is iden- 
tical to the one of the alloy ingot, indicating that the three phases are M03(Si, Al), 
Mo5(Si, AI)3 and M03AI8 respectively. Determination of their composition, how- 
ever, was not possible due to their very small size (black phase <lpm, white 
phase ;: ýA-2ym). 
In order to fully clarify the identity of the phases present in the ribbons of 
alloy 2, TEM studies were carried out. Figures 4.20a, b show images from both 
zones A and B. In zone A, qualitative EDX analysis revealed the existence of two 
nanophases (average size 200nm), one with high Mo content, and one with less 
Mo and more Si content (figure 4.21). These were respectively the M03(Si, Al) and 
the Mozj(Si, Al)3 phases. Larger cells of the same phases were also found in zone B, 
together with an Al-rich Mo-Al nanophase (average size 100-200nm). The small 
cell size of this latter nanophase made tilting to various axes difficult, therefore 
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Table 4.6: Phases identified in alloy 2. 
Alloy 2 Phases 
Mo5(Si, AI)3 M03(Si, Al) M03AI8 
Ingot 
X-rays H. T. Ingot 
Ribbons V 
Ingot ? 
EPMA 
H. T. Ingot 
- 
Ribb 
WS - Zone A ? ? ? ons FS - Zone B ? ? ? 
Ingot V 
TEM 
H. T. Ingot N/ 
Ribb 
WS - Zone A 
- ons FS - Zone B T ? 
no confirmation of its exact identity was possible via electron diffraction. Very 
small precipitates inside it could also be distinguished, like in the case of the as- 
cast alloy ingot. It is likely that this Mo-Al phase is the M03AI8 compound, found 
also in the as-cast ingot of the alloy. Its low volume fraction did not allow it to be 
detected by XRD. Figures 4.20c, d present SAD patterns taken from the other two 
phases (T1 and A15). 
A summary of the phases identified in alloy 2 using XRD, EPMA and TEM is 
given in table 4.6. 
4.2.3 Alloy 3: 70 Mo - 10 Si - 20 Al 
Study of the as-cast ingot 
The composition of this alloy is given in table 4.7. The presence of numerous 
peaks belonging to the A15-structured M03Si and M03A1 phases was the major 
feature of the X-ray diffraction spectrum taken from the as-cast ingot of alloy 
3 (figure 4.22, table B. 7). The two phases have identical crystal structures (sec- 
tions 2.3.2 and 2.3.3) with the only difference being the species of atoms (Si or Al) 
in solution with Mo. Hence, they are characterized by very similar interplanar 
spacings, and consequently their XRD peaks appear in very close positions. In 
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Figure 4.19: BSE photograplis sliowiiig the inicrostrLictui-C of Mloy 2 melt-spun 
ribbons. (a) General view. (b) High magnification image of zone B. (c) High 
magnification image of zone A. 
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Figure 4.20: TEM bright-field images of (a) zone A, and (b) zone B of tile melt- 
spun ribbons of alloy 2. The bright contrast grain in the center of (b) is the Mo-Al 
phase surrounded by dark contrast grains of T1 and A15. Also shown are SADPs 
from the T1 (cl) [001], (c2) [311] axes, and the A15 (dl) [1001, (d2) [1011 axes. 
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Figure 4.21: EDX spectra taken from the T1 (a) and A15 (b) phases at zone A of 
alloy 2 ribbons, as well as from the Mo-Al phase at zone B (c). 
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Figure 4.22: XRD spectrum of the as-cast ingot of alloy 3. 
i, A1) 
3i, A1)3 
the indexing of the peaks (table B. 7), both phases are given for comparison pur- 
poses. When the reference d-spacing of only one of them matches the measured 
spacings, then only this phase is listed. Since the most likely case in the alloys 
under study is that both Al and Si are incorporated in the phase, the compound 
is denoted asM03(Si, Al). The plethora of peaks corresponding to M03(Si, Al) indi- 
cated that it was the main phase in the alloy ingot's microstructure. SomeMO5Si3 
peaks were also present in the spectrum, including the strongest ones at 2.357A 
and 2.113A (38.15' and 42.6" respectively). Finally, one weak peakOf M03AI8 
was found at 40.2', corresponding to the strongest reference peak from the 13121 
fan-dly of planes. This phase, if present, should exist in small volume fractions. 
Study of the ingot n-dcrostructure under SEM and EPMA confirmed the above 
XRD results (figure 4.23). A light grey-coloured phase was prominent in the mi- 
crostructure, with shapes that did not follow a particular pattern but varied from 
round to irregular. Quantitative analysis proved this phase to have the stoichiom- 
etry of theM03(Si, Al) compound (table 4.8). Its Al and Si concentration varied 
between different areas of the sample and even within the same area, and it was 
in the range --12.5-16 at% and 7.5-10.5 at% respectively. This variation is reflected 
in the contrast variation evident in the BSE micrograph presented in figure 4.23b. 
Dispersed between the areas covered by A15-MO3(Si, Al) was another grey phase 
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Table 4.7: Alloy 3 average composition, as determined using large area analysis 
in the EPMA (at%). 
ALLoy 3 As-cast ingot I Heat-treated ingot I Melt-spun ribbo 
Large area analysis 
Mo 70.2 70.2 73.0 
Si 9.3 9.8 10.2 
Al 20.5 20.0 16.8 
exhibiting a slightly darker contrast. This phase was characterized by a facetted 
morphology and its size was in the range 20-50pm. Its composition corresponded 
to Mo, 5(Si, AI)3. No microsegregation was observed in T1. 
The matrix that surrounded the above phases contained a structure of its own 
(figures 4.23b, 4.24a). The main feature was a eutectic of nanoscale spacing con- 
sisting of a white and a black phase. The fine size of these constituents did not 
allow analysis to be performed in order to establish their composition. However, 
areas existed where the black phase was found alone. Quantitative EDX analy- 
sis in such areas showed that its composition was that of theM03A18phase (table 
4.8). Longitudinal white-coloured stripes were also present in the matrix of the in- 
got, initiating from the A15 phase and growing amidst the eutectic structure. The 
thickness of these stripes was around 2pm. Quantitative analysis showed that 
they had a Mo content of --62 at%. Because the accuracy of analysis on such small 
phases is doubtful, digital maps of the alloy microstructure were also recorded in 
order to help identify the white stripes. As it can be seen in figure 4.24b, they 
were more Si-rich and contained less Mo in comparison to theM03(Si, Al) phase. 
This indicated that they were the Mo, 5(Si, AI)3phase. 
Large scale segregation was present in the alloy ingot. As shown in figure 
4.23c, a different structure existed at the areas of the ingot in contact with the 
crucible during solidification. A zone of this structure, was always followed by 
the main ingot microstructure at distances from the edge that varied dramatically 
from 100/-tm to 1.5mm. The fraction of theM03A18black phase in this zone was 
increased, while that of A15 was decreased. Mo5(Si, AI)3and the eutectic structure 
were also present. Comparative large area analysis of the overall alloy composi- 
tion showed that, on moving from the outer edge zone towards the middle areas 
of the ingot, the Mo content increased (from -_ 66 to 73.5 at%), the Al content 
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Table 4.8: EPMA results (in at%) for the phases present in the as-cast ingot, after 
heat treatment for 72 hours at 14001C, and in the melt-spun ribbons of alloy 3. 
ALLOY 3 As-cast ingot Heat-treated ingot Melt-spun ribbon 
Light grey 
phase: 
Mo 77.1 76.9 76.5 
Sis 8.7 8.8 7.3 
Al 14.2 14.3 16.2 
Dark grey 
phase: 
Mo 64.0 64.0 
Si 24.7 24.9 
Al 11.3 11.1 
Black phase: 
Mo 31.2 30.4 
Sis 1.1 0.5 Sub-micron 
Al 67.7 69.1 
decreased (from -- 25 to 17 at%), and the Si content remained stable. This result 
could explain the prominence Of M03AI8 in the more Al-rich outer zone of the in- 
got, and the prominence Of M03(Si, Al) in the middle parts of the ingot. The alloy 
composition presented in table 4.7 is an average of measurements taken from all 
areas. 
Study of the alloy under the TEM revealed a microstructure which contained 
large cells of A15 and T1, surrounded by a eutectic matrix (figure 4.25a). Selected 
area electron diffraction confirmed the structure of the large cells, and diffraction 
patterns from both A15 and T1 are presented in figures 4.25c, d. A common obser- 
vation on many different grains of the T1 phase during tilting was that the [001] 
zone axis was always reached within a few degrees. Given that the thin foils 
under examination were vertical cross-sections across the general grain growth 
direction, it can be concluded that the T1 phase grew directionally along the [001] 
axis. This conclusion is in accordance with Mason et al. (1995), who reported that 
directionally solidified MOSi2-MO5Si3 eutectic alloys were textured along the [001] 
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M05Si3direction. A similar observation regarding its growth orientation was not 
made for the A15 phase. 
A high magnification BF image of the eutectic is shown in figure 4.25b. It 
shows particles and long fibres of a dark phase dispersed in a white matrix. The 
white matrix was shown, by EDX analysis, to be Al-rich and corresponded to 
M03AI8 (figure 4.26a). Figure 4.25e shows SADPsfrOM M03AI8. The dark phase 
particles had an average size of 200-300 nm, while the thickness of the fibres was 
less than 100 nm. EDX analysis showed that this Phase was Mo-rich with an 
(AI+Si)/Mo ratio that corresponded to A15-M03(Si, Al). Its Al content was in- 
creased and its Si content was decreased relative to the main A15 phase (figure 
4.26b). 
Study of the heat-treated ingot 
After heat treatment at 1400'C for 72 hours, the X-ray diffraction spectrum of the 
ingot of alloy 3 contained numerous A15-MO3AI peaks (figure 4.27, table B. 8), just 
as in the case of the as-cast ingot. Some weak M03AI8 peaks were also present, but 
not the two very strong ones at 2.28A and 2.229A. The peaks that could be result- 
ing from the M05Si3 phase were even fewer, and not uniquely indexed. Therefore, 
uncertainty about the presence of these two phases remained after the XRD ex- 
periment. 
Exan-dnation of the microstructure in the SEM clarified this uncertainty. Long- 
term annealing of the ingot led to the disappearance of the nano-eutectic struc- 
ture and the white stripes observed in the as-cast alloy. Instead islands of a dark 
phase were dispersed among large light grey-coloured areas (figure 4.28a). The 
size of these islands varied between 5 and 151im, and quantitative EDX analy- 
sis revealed that their composition was that of the M03AI8 compound (table 4.8). 
The major grey-coloured phase had the M03(Si, Al) stoichiometry, and did not ex- 
hibit the n-dcrosegregation found in the as-cast ingot. EDX digital maps of the 
n-Licrostructure were acquired and are shown in figure 4.28b. Besides the Al-rich 
islands (M03A18) and the major round-shaped grey phase (A15), another phase 
was observed lying between the grains of A15. This phase was richer in Si and 
poorer in Mo than A15, and quantitative analysis proved it to be Mo5(Si, AI)3 (T1). 
Heat treatment also resulted in the disappearance of the large scale segrega- 
tion seen in the as-cast ingot of the alloy. The overall composition of the heat- 
treated ingot was determined in several areas of the sample using large area anal- 
ysis, and no variation was found (table 4.7). Finally, in a few areas of the annealed 
sample, a microstructure intermediate between the as-cast and the heat-treated 
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Figure 4.23: SEM micrographs taken from tile ds-cdst "'got of alloy 3. 
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Figure 4.24: EDX digital maps (b) obtained from the matrix of alloy 3 as-cast ingot 
shown in (a). 
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Figure 4.25: (a), (b) TEM bright-field images of the microstructure of alloy 3 as- 
cast ingot. SAD patterns taken from this alloy are also shown: M03(Si, Al) phase 
with the beam parallel to (cl) [Ili], (c2) [2111 axes. Mo5(Si, AI)3 phase with the 
beam parallel to (dl) [1021, (d2) [1041 axes. Mo: jA1,4 phase with the beam parallel 
to (el) [1001, (e2) [111] axes. 
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Figure 4.26: Thin foil EDX spectra taken from the constituent phases of the eutec- 
tic matrix of alloy 3 as-cast ingot: (a) M03AI8, (b) A15. 
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Figure 4.27: XRD spectrum of the heat-treated ingot of alloy 3. 
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Figure 4.28: (a) BSE micrograph taken from the heat-treated ingot of alloy 3. (b) 
EDX digital maps showing the distribution of the Mo: j(Si, AI), the MO, 5(Si, Al): i and 
the Mo: jA18 phases in the annealed microstructure. 
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Figure 4.29: SAD patterns takeii from the lieat-treated ingot of alloy 3: Mo: j(Si, Al) 
phase with the beam parallel to (al) 12211, (a2) [2011 axes. Moq(Si, Al): j phase 
with the beam parallel to (bl) [112], (b2) [113] axes. Mo: jA18 phase with the beam 
parallel to (d) [010], (c2) [ 1201 axes. 
ingot microstructures was evident, as a result of incomplete transformation. 
Electron diffraction in the TEM, as further evidence for the identity of the 
phases, was carried out and the results are given in figure 4.29. 
Study of the melt-spun ribbons 
X-ray diffraction performed on the melt-spun ribbons of alloy 3 revealed the pres- 
ence of the Mo: jSi phase. Figure 4.30 and table B. 9 give the XRD results and 
the corresponding peak indexing. The appearance of the strongestM05Si3peaks 
at 38.3', 41.8' and 42.8' (2.351A, 2.1578A and 2.113A respectively) provides evi- 
dence for the existence of this phase in the microstructure of the ribbons. Finally, 
one peak of Mo: jA18 existed at 40.3', resulting from the strongly diffracting 13 121 
planes. This phase was probably present in small amounts. 
When the microstructure of the alloy ribbons was studied in the SEM and the 
EPMA, two zones were observed (figure 4.31). The bottom part of the ribbons (in 
contact with the spinning wheel - zone A) displayed a featureless microstructure, 
which could be either single-phase or multiphase nanocrystalline, which the res- 
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Figure 4.30: XRD spectrum of the melt-spun ribbons of alloy 3. 
Figure 4.31: (a) BSE micrograph taken from the melt-spun ribbons of alloy 3. 
20 40 50 60 70 80 90 100 
CHAPTER 4: Solidification and microstructural studies of Mb-Si-Al alloys 131 
olution of the microscope did not allow to be observed. Its composition was 73.3 
at% Mo, 9.9 at% Si and 16.8 at% Al, similar to the overall ribbon composition (ta- 
ble 4.7). In the upper part of the ribbons (free surface - zone B) two phases with 
different contrast could be distinguished. The light grey phase was shown by 
quantitative analysis to be M03 (Si, Al) (table 4.8). The dark phase was submicron 
in size, and this made the determination of its composition using EDX analysis 
impossible. No Mo5(Si, AI)3 (indicated by XRD) could be found in the ribbons 
that were exan-dned. 
TEM studies of the ribbon zone B, however, did reveal the presence of T1 in 
the n-dcrostructure (figure 4.32a). Upon performing selected area diffraction on a 
vertical cross-section of the growing cells, it was seen that minimum tilting was 
required in order to center the [001] zone axis of T1. This means that T1 dis- 
played a growth orientation along the [001] axis Oust like in the as-cast ingot). 
The most prominent phase in the ribbon microstructure was M03 (Si, Al). Electron 
diffraction proved that the A15 phase also exhibited a preferred growth orienta- 
tion, along the [1001 axis. Small quantities of an Al-rich Mo-Al phase were also 
present among the main A15 and T1 phases. An EDX spectrum from this phase 
is shown in figure 4.33a, indicating that it most likely is the M03AI8 phase. No 
diffraction patterns were taken from this phase, because of the difficulty in tilting 
introduced by two factors: the presence of numerous precipitates in it and the 
small grain size (<300 nm). 
In zone A (wheel side), two phases were found (figure 4.32b). Dark nanoparti- 
cles, with a maximum size of 100nm and an average size of less than 50 nm, were 
dispersed in a white matrix. Qualitative EDX analysis indicated (figure 4.33b, c) 
that the particles were Mo5(Si, AI)3, while the matrix was M03(Si, Al). A digital 
map of zone A is shown in figure 4.34: Si-rich islands can be distinguished, most 
likely belonging to the T1 phase, which has been shown by quantitative analysis 
in the EPMA to have almost double Si content than A15. No sign of the M03AI8 
phase was found at the wheel side of the examined ribbons. 
Table 4.9 summarizes the microstructural characterization results for alloy 3. 
4.2.4 Alloy 4: 50 Mo - 15 Si - 35 Al 
Study of the as-cast ingot 
All the major peaks of the Tl-Mo5(Si, AI)3, M03AI8 and A15-M03(Si, Al) phases 
were present in the X-ray diffraction spectrum acquired from the as-cast ingot of 
alloy 4 (figure 4.35, table B. 10). 
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Figure 4.32: TEM bright-field micrographs from (a) zone B (free side), and (b) 
zone A (wheel side) of the melt-spun ribbons of alloy 3. SADPs from the A15- 
Mo: j(Si, Al) phase are also shown, with the beam parallel to the 
(cl) [100], (c2) 
[211] axes, and from the Tl-M05(Si, AI)3 phase with the beam parallel to the (dl) 
[0011, (d2) [1221 axes. 
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Figure 4.33: Thin foil EDX spectra taken from phases in the alloy 3 melt-spun 
ribbons: (a) ihe M03AI8 white intergranular phase at zone B, (b) the M03(Si. Al) 
white matrix and (c) Mo5(Si, AI)3 dark particles at zone A. 
Energy (keV) 
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Table 4.9: Phases identified in alloy 3. 
Alloy 3 Phases 
J 
Mo: j(Si, A1) Mo, (Si,, 6 
18 
Ingot V, v v 
X-rays H. T. Ingot ? ? 
Ribbons v v ? 
Ingot v v v 
H. T. Ingot v v v 
EPMA 
WS - Zone A ? ? Ribbons 
FS - Zone B V/ 7 
Ingot v v v 
H. T. Ingot v v v 
TEM 
WS - Zone A v v 
-- Ribbons FS - Zone B V v v 
Al Ka Si Ka 
%I(, I ý; l I 
Figure 4.34: EDX digital maps collected from the bottom part (zone A) of the alloy 
3 melt-spun ribbons. 
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Figure 4.35: XRD spectrum of the as-cast ingot of alloy 4. 
The microstructures of vertical and parallel cross-sections of the alloy ingot 
are shown in figure 4.36, where three phases can be distinguished. The light 
grey phase had a longitudinal shape when viewed parallel to the general growth 
direction, and an irregular morphology of equal dimensions when viewed verti- 
cally. This indicates that during solidification the phase grew along a favourable 
direction. Its composition, as determined by quantitative EDX analysis, corre- 
sponded to the stoichiometry of the Mo5(Si, AI)3 compound (see table 4.10). A 
white phase was also present in the ingot microstructure. A comparison of the 
appearance of this phase in the two different cross-sections showed that it had 
mostly a regular-round shape. This suggested that equiaxed growth had taken 
place. Its composition was found to correspond to that Of M03(Si, Al). 
Surrounding the above phases was a dark-coloured matrix which EDX show- 
ed to be consistent with the stoichiometry Of M03A18- Small elongated or round 
particles of a light-coloured phase were present amidst the M03AI8 matrix. They 
contained approximately 63.5 at% Mo, 22.5 at% Si and 14 at% Al, indicating that 
they were Mo5(Si,, AI)3. The size of this phase was at the minimum limit of analy- 
sis, but the quantification results were quite consistent among different analyses; 
the increased Al content relative to the normally encountered one at T1 was prob- 
ably due to the electron-specimen interaction volume sampling some of the Al- 
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Table 4.10: EPMA compositions (in at%) of the phases present in the as-cast ingot, 
after heat treatment for 72 hours at 1400'C, and in the melt-spun ribbons of alloy 
4. 
ALLoy 4 As-cast ingot Heat-treated ingot Melt-spun ribbo 
Light grey 
phase: 
MO 64.1 64.4 64.6 
Si 25.0 24.6 24.5 
Al 10.9 11.0 10.9 
White phase: 
Mo 76.6 76.6 
Si 8.8 8.2 - 
Al 14.6 15.2 
Dark matrix: 
MO 30.6 30.6 
Si 1.0 0.7 Sub-micron 
Al 68.4 68.7 
Table 4.11: Alloy 4 average composition, as determined using large area analysis 
in the EPMA (at%). 
ALLOY 4 As-cast ingot I Heat-treated ingot I Melt-spun ribbons 
Large area analysis 
Mo 51.2 50.7 55.0 
Si 13.8 13.5 14.8 
Al 35.0 35.8 30.2 
rich matrix as well. Table 4.11 gives the results of large area analysis performed 
on the ingot of alloy 4. No significant compositional variations were recorded. 
Study of the microstructure under the TEM confirmed the nature of the above 
phases. In the micrograph of figure 4.37 a white and a black phase are present. Se- 
lected area diffraction proved that the former is M03AI8 and the latter Mo5(Si, AI)3 
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FigUre 4.36: BSE micrographs taketi from the as-cast ingot of alloy 4: (a) Vertical 
cross-section, (b) Parallel cross-section. 
(figures 4.37b, c respectively). The small black particles were confirmed, both by 
SAD and EDX (figure 4.38), to be the TI phase, in agreement with the EPMA 
results. A preferred growth orientation of the Mo5(Si, Al): i phase along the [0011 
axis was observed in this alloy, just like in the case of alloy 3 ingot and ribbons. 
The A15-Mo: j(Si, Al) phase was also found and SADPs from it are given in figure 
4.37d. 
Study of the heat-treated ingot 
There was no change in the phases present in the microstructure of alloy 4 after 
long term heat treatment at 1400"C. In the X-ray diffraction spectrum shown in 
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HigUre 4.37: (a) TEM briglit-field iiiicrograpli of the imcrostrUCtUre of the as-cast 
ingot of alloy 4. The white phase is Mo:, Alx: (bl) [0101, (b2) [1411 axes SADPs. 
The black phase is TI: SADPs from it with the beam parallel to (cl) [ 1121, (c2) 
[1151 axes are presented. (dl) [1101, (d2) [2111 axes SADPs from the A15 phase. 
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Figure 4.38: Thin foil EDX spectrum taken from the small particle phase dispersed 
in the alloy's matrix. 
figure 4.39, all the major peaks of the T1, A15 and M03AI8 phases were identified 
(see also table B. 11). Besides some degree of coarsening, the same microstruc- 
ture as the one of the as-cast ingot was observed under the SEM (figure 4.40a). 
Quantitative analysis in the EPMA was used to determine the compositions of 
Mo5(Si, AI)3, M03(Si, Al) and M03AI8 and the results are given in table 4.10. A 
common observation for all phases was their very constant composition with no 
variations among different areas of the sample. Electron diffraction in the TEM 
provided further confirmation for the above phases (figures 4.40b, c, d). 
Study of the melt-spun ribbons 
Numerous peaks of both Mo5(Si, AI)3 and M03AI8 existed in the X-ray diffrac- 
tion spectrum recorded from the ribbons of alloy 4 (figure 4.41, table B. 12). On 
the contrary, no peaks corresponding to the A15 phase were found, with the ex- 
ception of one peak at 41.2'. This peak could also have resulted from the T1 or 
M03AI8 phases, which have similar interplanar spacings for the 1202} (2-1903A) 
and 1311} (2.191A) planes respectively. Therefore, on the basis of the evidence 
provided by XRD, the presence of the A15 phase in the ribbons is uncertain. 
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Figure 4.39: XRD spectrum of the heat-treated ingot of alloy 4. 
: Si, A1)3 
Si, A1) 
Similar to the observations made in the previous alloys, SEM study of the rib- 
bons revealed the presence of two zones in their microstructure (figure 4.42). At 
the bottom part, where the ribbon came in contact with the spinning wheel (zone 
B), grains of a single white phase could be found, with a slightly darker contrast 
at the boundaries. The average composition of this zone was approximately 55.7 
at% Mo, 14.6 at% Si and 29.7 at% Al, the same as the overall ribbon composition 
(table 4.11). At the upper part of the ribbon (zone B), a two phase structure was 
evident with the cells of a major white phase being separated by a black phase. 
The size of the latter phase did not permit the performance of compositional anal- 
ysis by EPMA, and this was also the case for the white phase, whose grain size 
was of the order of 1/im. In some areas, where the size of the white phase reached 
2-3/-Lm, EDX analysis was carried out: the results are given in table 4.10 and indi- 
cate that it was M05 (Si, AI)3. Dendritic morphology was exhibited by M05 (Si, AI)31 
an unusual feature not seen in the ingots or ribbons of the previous alloys (figure 
4.42c). This morphology, together with a tetragonal symmetry, was also observed 
at the unpolished free surface of the ribbons. Figure 4.43 shows a secondary elec- 
tron image of the tips of T1 dendrites. No trace of A15-M03(Si, Al) was discovered 
in the ribbons that were studied. 
The black phase observed in zone B was demonstrated to consist of two sep- 
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Figure 4.40: (a) BSE micrograph taken from the heat-treated ingot of alloy 4. Also 
shown are SAD patterns taken from it: Mo5(Si, Al): i phase with the beam parallel 
to (bl) [1111, (b2) [1141 axes. Mo: jA18 phase with the beam parallel to (cl) [110], 
(c2) [1111 axes. Mo: j(Si, Al) phase with the beam parallel to (dl) [001] axis. 
.4 
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Figure 4.41: XRD spectrum of the melt-spun ribbons of alloy 4. 
arate phases by TEM studies. In figure 4.44a a micrograph taken from the upper 
part of the ribbons is shown. Besides the black-coloured big cell of Mo, 5(Si, A1)3, 
a bright matrix with dark lamellae in it can be distinguished. The appearance of 
these phases resembles that of a eutectic with a spacing of ; ztý20-30 rim. EDX anal- 
ysis showed that both were Al-Mo phases with very little Si content: the bright 
matrix was richer in Al (figure 4.45a) than the dark phase, in which the Mo and Al 
concentrations seemed to be approximately equal (figure 4.45b). Using selected 
area diffraction, patterns were acquired which proved that the matrix had the 
structure Of M03AI8 (figure 4.44d). Similar evidence for the identity of the other 
phase could not be obtained due to its extremely fine size. 
At the bottom of the ribbons two nanocrystalline phases were present with an 
average size of 100 nm (figure 4.44b). The major phase was Mo-rich and corre- 
sponded to Mo, 5(Si, AI)3. The other phase was present in much smaller amounts 
and had a composition similar to the unidentified phase in zone B. Nowhere in 
the ribbons that were examined could the M03(Si, Al) phase be found. 
A summary of the phases that were identified in alloy 4 as-cast ingot, heat- 
treated ingot and melt-spun ribbons using XRD, EPMA and TEM, is given in 
table 4.12. 
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Figure 4.42: BSE micrographs taken from the melt-spun ribbons of alloy 4: (a) 
General view, (b) zone B (free surface of the ribbons), (c) dendrites of Mo5(Si, Al): j. 
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Figure 4.43: Secoiidary electroii (S[-, ') image of the free surface of alloy 4 melt-Spull 
ribbons. 
Table 4.12: Phases identified in alloy 4. 
Alloy 4 Phases 
Mor, (Si, AI)3 I M03AI8 Mo: i(Si, Al)_ 
Ingot v v 
X-rays H. T. Ingot v V/ v 
Ribbons V/ ? 
Ingot v V 
EPMA 
H. T. Ingot \I/ _V/ V 
Ribb 
WS - Zone A ? ? ? ons FS - Zone B \I/ ? 
Ingot V/ v V 
H. T. Ingot V 
TEM 
Ribb 
WS - Zone A V/ 
ons FS -Zone BI V/ I I - 
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Figure 4.44: (a), (b) TEM bright-field micrographs from zones B and A respec- 
tively of alloy 4 melt-spun ribbons. SADPs from the Mo5(Si, Al): t phase are also 
shown, with the beam parallel to the (cl) [001], (c2) [101] axes, as well as SADPs 
from the Mo: jA18 phase with the beam parallel to the (dI) [0101, (d2) [1301 axes. 
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Figure 4.45: Thin foil EDX spectra taken from (a) the bright matrix A and (b) the 
dark lamellae B in the upper part structure of alloy 4 melt-spun ribbons. 
4.2.5 Alloy 5: 37.5 Mo - 10 Si - 52.5 Al 
Study of the as-cast ingot 
The results of X-ray diffraction performed on the as-cast ingot of alloy 5 are given 
in figure 4.46 and table B. 13. Numerous peaks from theM03A18phase appear, 
together with many others from the Tl-Mo, 5(Si, AI)3phase. Furthermore, indi- 
cations for the presence of the C54-Mo(Si, AI)2phase were found, since several 
peaks existed which could be attributed to this phase. The fact that the same 
peaks are not uniquely indexed, but could also be resulting from other phases, 
is the reason why some uncertainty regarding C54-Mo(Si, AI)2remained after the 
XRD experiments. 
_The 
microstructure of the alloy ingot, as viewed under the SEM, is presented 
in figure 4.47. Three phases were identified: a prominent dark matrix surrounded 
some small dark-coloured particles and a larger light grey-coloured phase. Ac- 
cording to quantitative analysis carried out in the EPMA, their compositions cor- 
respondedtO M03AI8, MO(Si, AI)2 and Mo5(Si, AI)3 respectively (table 4.14). The 
fact that very small variations in these compositions were recorded between dif- 
ferent areas of the ingot (always less than ±0.5 at%) indicates absence of mi- 
crosegregation and gives high confidence in the values presented. 
The dark particles exhibited a relatively constant size of about 51Lm and con- 
Energy (keV) 
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Figure 4.46: XRD spectrum of the as-cast ingot of alloy 5. 
Table 4.13: Alloy 5 average composition, as determined using large area analysis 
in the EPMA (at%). 
ALLOY 5 As-cast ingot Heat-treated ingot Melt-spun 
Large area analysis 
Mo 38.1 38.5 39.8 
Si 9.0 8.8 9.8 
Al 52.9 52.7 50.4 
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Table 4.14: EPMA results (in at%) for the phases present in the as-cast ingot, after 
heat treatment for 72 hours at 1400'C, and in the melt-spun ribbons of alloy 5. 
ALLOY 5 As-cast ingot Heat-treated ingot FMelt-spun ribb 
Light grey 
phase: 
Mo 63.2 63.7 61.6 
Si 25.7 26.5 24.0 
Al 11.1 9.8 14.4 
Dark phase: 
Mo 36.3 37.0 
Si 21.1 22.2 Sub-micron 
Al 42.6 40.8 
Dark matrix: 
Mo 30.2 30.6 30.9 
Si 1.6 1.3 2.4 
Al 68.2 68.1 66.7 
tained approximately 42 at% Al, double the amount of Si (--21 at%). This is prob- 
ably the phase that XRD failed to identify unambiguously, ie. the C54-structured 
Al-rich Mo(Si, AI)2. The Mo5(Si, AI)3 on the other hand, displayed two different 
morphologies. A facetted longitudinal as well as an equiaxed morphology were 
both evident in the ingot microstructure, with the former appearing mostly in the 
parallel cross-section and the latter appearing mostly in the vertical cross-section. 
This appearance is similar to the one that T1 exhibited in alloys 1 and 4. 
In many areas characteristic eutectic structures could be found. As it can be 
seen in the micrograph in figure 4.47b, both a light grey and a dark constituent 
participated in the formation of these structures with theM03A18matrix. Even 
though their size was quite small (1-3tim) to allow accurate EDX analysis, it can 
be assumed from their colour that they are the same phases found in the main 
alloy microstructure. When the part of the ingot in contact with the crucible was 
examined, images like the one of figure 4.47c were recorded. In this area only 
Mo5(Si, A1)3andMO3Al8existed, and no trace of C54-Mo(Si, AI)2 could be found. 
TEM studies were carried out in order to confirm the identity of the above 
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Figure 4.47: BSE iiii, iop-aphs tdken from HIC 1116()t (A 1110y 5: (a) Vertical 
cross-section showing three phases, (b) Eutectic structure islands, (c) View of the 
microstructure near the ingot edge. 
CHAPTER 4: Solidification and microstructural studies of Mo-Si-Al allovs 150 
bl 
b2 
a 
dl 
d2 
Figure 4.48: (a) TEM bright-field micrograph from the as-cast ingot of alloy 5. The 
white matrix phase is Mo: jAls: SADPs from it with the beam parallel to (bl) [1101, 
(b2) [3011 axes are presented. The black phase is TI: (c) SADP parallel to the [1021 
axis. Also shown are SADPs from C54-Mo(Si, AI)2: (dl) [110], (d2) [1031 axes. 
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Figure 4.49: XRD spectrum of the heat-treated ingot of alloy 5. 
phases. A bright-field image of the microstructure is shown in figure 4.48a. Se- 
lected area electron diffraction from the white matrix provied it to be M03AI8. 
The black phase and particles were similarly proved to be Mo5(Si, AI)3 (figures 
4.48b, c). By tilting to different axes and comparing the diffraction patterns from 
the black particles, it was found that they all had grown with the same orienta- 
tion. This is indicative of eutectic growth. Systematic tilting was also performed 
on crystals of the Mo(Si, AI)2 phase and its C54 orthorhombic structure was estab- 
lished (see appendix A for a detailed analysis). 
Study of the heat-treated ingot 
In the X-ray diffraction spectrum that was recorded from the heat-treated ingot 
of alloy 5, the following phases were identified: M03AI8, Mo5(Si, AI)3 and C54- 
Mo(Si, AI)2 (figure 4.49, table B. 14). Therefore, no changes were observed relative 
to the as-cast ingot. The same conclusion was reached after examination of the 
microstructure in the SEM (figure 4.50a). The morphology and the appearance 
of the phases after heat treatment was the same as in the as-cast alloy, with the 
only noticeable effect being the coarsening of C54-Mo(Si, AI)2 and Mo'5 (Si, AI)3. No 
changes in the compositions of the phases were recorded either, as shown in table 
4.14 (except a slight reduction in the Al content of C54). SAD provided further 
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Figure 4.50: (a) BSE image of the microstructure of alloy 5 heat-treated ingot. 
SAD patterns taken from the heat-treated ingot of alloy 5 are also shown: Mo: jA18 
phase with the beam parallel to the (b) [1001 axis. M05(Si, AI)3 phase with the 
beam parallel to the (c) [1131 axis. C54-Mo(Si, AI)2 phase with the beam parallel 
to (dI) [211], (d2) [3121 axes 
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Figure 4.51: XRD spectrum of the melt spun-ribbons of alloy 5. 
support for the phases found by XRD and EPMA (figure 4.50b, c, d). 
Study of the melt-spun ribbons 
The presence of peaks from M03AI8, Tl-Mo5(Si, AI)3 and C54-Mo(Si, AI)2 charac- 
terised the X-ray diffraction spectrum of the melt-spun ribbons of alloy 5. In table 
B. 15 the results of figure 4.51 are analysed. Upon study of the ribbons in the SEM, 
a characteristic two-zone microstructure, observed in the ribbons of all the previ- 
ous alloys, was revealed (figure 4.52). The part in contact with the spinning wheel 
(zone A) seemed to have a similar microstructure with the upper part (zone B), 
only of a finer scale. Two phases were immediately visible, a light grey and dark 
one. Closer examination of zone B, however, led to the discovery of a third phase, 
which exhibited an intermediate contrast between the dark matrix and the grey 
particles. The size of this phase (--lym) did not permit accurate EDX analysis to 
identify its stoichiometry. In the case of the other two phases, even though their 
average size was around 2pm, areas and grains could be found with an approxi- 
mate size of 3pm. Quantitative analysis indicated that the light grey particles had 
the stoichiometry of Mo5(Si, AI)3, while the dark matrix was M03AI8 (table 4.14). 
The ribbons were subsequently studied by TEM. Figures 4.53a, b show the mi- 
crostructure of the two zones. In both of them, EDX analysis indicated the exis- 
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Table 4.15: Phases identified in alloy 5. 
Alloy 5 Phases 
- 03A18 M 7 MO5(Si, AI)3 C54-Mo(Si, AI)2 
Ingot ? 
X-rays H. T. Ingot V N/ 
Ribbons _V/ V 
Ingot V v 
EPNIA 
H. T. Ingot V V 
Ribb 
WS Zone A ? ? 
ons FS - Zone B V 
Ingot X/ 
TEM 
H. T. Ingot V V V 
Ribb 
WS Zone A _V/ N/ _V/ 
L ons FS - Zone B V _%/ V 
tence of theM03AI8, T1 and C54 phases. At the bottom part of the ribbon, mainly 
T1 and some C54 were found in the form of irregularly shaped nanoparticles, 
with a size that ranged between 100-200 nm. The map in figure 4.53c shows the 
distribution of such T1 nanoparticles in the Al-rich(M03AI8)matrix. At the top 
part of the ribbons facetted crystals of T1 existed, together with irregular C54 par- 
ticles. Selected area diffraction of the crystals of all phases was carried out and 
the results confirmed their structure (see diffraction patterns in figure 4.54). 
The phases identified in alloy 5 as-cast ingot, heat-treated ingot and melt-spun 
ribbons using XRD, EPN4A and TEM are summarized in table 4.15. A compara- 
tive presentation of all the phases found in the ingots and ribbons of the alloys 
studied is given in table 4.16. 
4.3 Aspects of processing 
All the as-cast alloy ingots that were produced in the present work, were found 
to be cracked after the end of solidification and removal from the crucible. Each 
ingot had broken into 2 to 5 pieces, but no severe cracking was evident at the 
scale of the alloy microstructures. The brittle nature of the molybdenum alumi- 
nosilicides, combined with the relatively high temperature gradients imposed by 
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Figure 4.52: BSE images showing the microstructure of the melt-spun ribbons of 
alloy 5: (a) General view, (b) View of the top part of the ribbons (zone B). (c) SE 
image of the unpolished ribbon free surface 
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Figure 4.53: TEM bright-field images of the alloy 5 melt-spun ribbon microstruc- 
ture: (a) Bottom part - zone A, (b) Top part - zone B. (c) EDX digital maps showing 
the distribution of phases in zone A. 
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Figure 4.54: SAD patterns taken from the melt-spun ribbons of alloy 5: Mo: jA18 
phase with the beam parallel to (al) [100], (a2) [401] axes. Mo5(Si, AI)3phase with 
the beam parallel to (bl) [1001, (b2) [113] axes. C54-Mo(Si, AI)2 phase with the 
beam parallel to (d) [111], (c2) [1211 axes. 
Table 4.16: Comparative table showing the phases present in the as-cast ingot and 
in the melt-spun ribbons (wheel side and free side) of all the alloys studied in the 
present work. 
As-cast ingot Melt-spun ribbons 
(wheel side) 
Melt-spun ribbons 
(free side) 
Alloy 1 TI + C40 T1 + C40 T1 + C40 
Alloy 2 T1 + A15+ M03AI8 T1 + A15 T1 + A15+ M03AI, 
Alloy 3 A15 + T1+ M03A Is A15 + T1 A15 + T1+ M03A 1,4 
Alloy 4 T1 + A15+ M03AIs T1 + MoAl T1 + Mo: jA18+ MoA 
Alloy 5 M03AI8 + TI + C54 M03AI8+ T1 + C54 M03AI8 + T1 + C54 
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the water-cooled crucible (section 2.4.1) and the shrinkage that inevitably accom- 
panies solidification, are the main reasons for the crackings. The residual stresses 
that develop from the solidification process and the thermal contraction cannot be 
accommodated by deformation of the solid alloy, thus leading to crack formation 
and breaking. This is a general problem associated with the casting of intermetal- 
lic alloys and has also been reported by Stergiou (1996) and Pitman (1996). The 
degree of cracking was similar for all the alloys studied in this thesis. 
The variation in the cooling rates experienced in different areas of the ingot 
led to two different phenomena: (a) large scale segregation and (b) different grain 
sizes from area to area. Macrosegregation was not observed in alloys 1 and 2. Al- 
loys 3,4 and 5 however, all displayed some degree of macrosegregation, with the 
most severe being in alloy 3 (see figure 4.23), whose average composition was 
found to be more Al-rich at the outer areas of the ingot and more Mo-rich at the 
inner areas of the ingot. In alloy 4, a similar trend existed but to a much smaller 
degree. Finally, in alloy 5 the outer regions of the ingot did not contain one of 
the phases present in the main microstructure (C54-Mo(Si, AIM, and showed an 
even distribution of Mo5(Si, AI)3 that was not observed elsewhere. In the case 
of alloy 2, a large variation in the size of theM03Siparticles was evident when 
moving from the ingot edge towards its middle. All these phenomena can be 
attributed to the lack of control over the solidifying structure, and to the place- 
ment of the heat source for clean melting. When the arc is stopped, the extraction 
of heat commences in a radial fashion from the center of the crucible outwards . 
The parts of the ingot in contact with the crucible experience immediate and fast 
cooling, which becomes slower towards the inner and middle parts of the ingot. 
The structure in the latter areas, where the lowest cooling rates exist, was there- 
fore much coarser. Insufficient mixing is probably responsible for the different 
structures observed in the outer ingot regions of alloys 3 and 5, since the alloy 
composition in these regions was different from the average composition. 
In the case of the melt-spun ribbons, no significant variations in their length 
and width were noted between different alloys. The similar melt fluidity shared 
by the five Mo-Si-Al intermetallic alloys studied in the present work is the main 
reason for this. The short ribbon length (<2 cm, 1 cm on average) and the ease 
with which the ribbons could be broken into several pieces without bending, 
were both indicative of the brittleness of the alloys. Even though a constant wheel 
speed was employed, the ribbon thickness varied from 40 to 140mm. This is due 
to the way the melt was introduced onto the spinning wheel: no precise control 
of the tilt angle of the crucible was possible, thus the volume of the melt that was 
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poured on the wheel varied from alloy to alloy. No control of the melt superheat 
was possible either, and this also accounts for thickness differences between rib- 
bons of the same alloy. As mentioned in section 2.4.3, both these parameters are 
critical for achieving a homogeneous range of ribbon thicknesses. 
In general, the production of Mo-Si-Al intermetallic alloys using a rapid solid- 
ification technique such as melt spinning, led to a refinement of the microstruc- 
tures by a factor of 50 relative to the ingots. The appearance of two different zones 
in the melt-spun ribbon microstructures of all the alloys was another prominent 
feature, which indicated that the cooling rate was not constant throughout the 
thickness of the ribbons. In zone B (upper part) the melt was in contact with 
the atmosphere; in zone A (bottom part) the melt came in contact with the spin- 
ning wheel. The wheel is a more efficient heat sink than air, which means that 
higher cooling rates were present in zone A than in zone B. This explains why 
nanoscale structures formed at the bottom part of the ribbons, while the phase 
size increased towards the top. The thickness of zone A varied: in alloys 1 and 
5, it was on average about 10pm; in alloys 2-4 it was approximately two times 
larger, at around 20/-im. 
Large area EPMA analysis revealed that, in all alloys the Mo concentration in 
the ribbons was higher than in the ingot. With the exception of alloy 5, which 
displayed the least deviation (; z:: 2 at%), in all the other alloys the ribbons con- 
tained 4-5 at% more Mo than the ingots. The Si (in alloy 1) and Al (in alloys 3, 
4 and 5) contents were correspondingly reduced. The melting points of Si and 
Al are much lower than that of Mo, therefore their vapour pressures at the tem- 
peratures involved in the melting process are much higher than those of Mo. As 
a result, evaporation of small amounts of these elements occurs during melting 
(as mentioned in section 3.2.1). The melt poured onto the wheel is coming from 
the upper surface of the pool, where reduced amounts of Al and Si exist owing 
to this volatilization. As a consequence, the melt that solidifies on the wheel and 
produces ribbons is expected to be richer in Mo than the average ingot content, 
and this was indeed confirmed by the results of EDX analysis. 
4.4 Solidification and phase equilibria of the alloy in- 
gots 
The thermodynamic database that describes the phase equilibria of the Mo-Si-Al 
ternary system has been developed at the University of Surrey using the Thermo- 
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Figure 4.55: Calculated Mo-Si binary phase diagram with experimental bound- 
aries superimposed (Liu et al., 2000). 
Calc software package, in a project parallel to the present work. Phase diagram 
calculations of a multi-component system are always established on the basis of 
thermodynamic assessments of all the constituent sub-systems. In our case, de- 
scriptions of the three binary systems Mo-Si, AI-Mo and Si-Al were first obtained, 
using thermodynamic models which express the Gibbs free energies (G) of the 
phases as analytical functions of the variables of interest, i. e. composition and 
temperature. In essence, the models use various parameters to describe G; these 
parameters are optirrdsed by fitting to experimental thermodynamic and phase 
diagram data. Once the binary systems were established, the ternary phase dia- 
gram was calculated. 
The phase equilibria data that resulted from the present experimental work 
(described in the previous section) were used in the optimization of the ternary 
Mo-Si-Al system, together with previously published data. The assessed binary 
phase diagrams are presented in figures 4.55,4.56,4.57. In the Mo-Si diagram, 
the C11b -ý C40 polymorphic transformation has been omitted, since experi- 
mental evidence exists that the C11b structure is retained up to the melting point 
and that 6-MOSi2 is a metastable phase (section 2.3.2). The other two binaries, 
0 0.2 0.4 0.6 0.8 1.0 
mo Mole fraction of Si si 
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Figure 4.56: Calculated Al-Mo binary phase diagram (Saunders, 1997). 
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Figure 4.57: Calculated Si-Al binary phase diagram (Chakrabord and Lukas, 
1992). 
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Figure 4.58: The predicted liquidus projection of the Mo-Si-AI ternary system to 
the composition triangle with isotherms (dotted lines) superimposed. The alloys 
investigated in the present work are plotted as Al, A2, A3, A4 and A5. 
Al-Mo and Si-Al, were based on the existing assessments by Saunders (1997) and 
Chakraborti and Lukas (1992). Detailed presentation of the thermodynamic mod- 
elling of the Mo-Si and Mo-Si-Al systems can be found in Liu et al. (2000). 
The predicted liquidus projection of the ternary system is shown in figure 4.58. 
The compositions of the alloys investigated in the present work are superimposed 
on it. Using the thermodynamic database, the results of the microstructural stud- 
ies can be considered with regard to solidification and phase selection. 
4.4.1 Alloy 1: 50 Mo - 45 Si -5 Al 
The as-solidified n-dcrostructure of the alloy 1 ingot contained two phases: M05Si3 
and C40-Mo(Si, AI)2. They appeared in the form of primary M05Si3 surrounded 
by a eutectic Of M05Si3 and C40. According to the calculated liquidus projection 
(figure 4.58), the first phase that is expected to nucleate from the melt during so- 
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lidification is theMO5Si3phase, at approximately 20001C (2273 K). The Mo, 5Si3 
morphology that was revealed during the microstructural studies of the ingot 
indicates the manner in which its growth occurred: long facetted columns of 
M05Si3with either a tetragonal or a round cross-section grew in the melt, perpen- 
dicularly to the crucible walls and along a favourable crystallographic direction. 
SinceMO5Si3 is an intermetallic phase with a high entropy of fusion (ASf), this 
characteristic facetted growth is expected. The results of EPMA confirmed that 
very small amounts of Al were incorporated intoMO5Si3. Hence, during growth 
most of the Al together with the excess Si were rejected to the melt, making the 
latter rich in these two elements. On the liquidus projection this is described with 
a shift of the melt composition downwards and to the left. 
When, upon further cooling, theMO5Si3-C40 boundary was reached, the C40 
phase started to nucleate from the Al- and Si-rich melt. Because the melt had now 
reached the eutectic composition, Mo, 5Si3nuclei appeared at the same time with 
the C40 ones and coupled growth of the two phases took place until the last re- 
maining liquid had solidified completely. The morphology that was adopted by 
the growing eutectic was irregular, due to the fact that both its constituent phases 
were highly anisotropic intermetallic compounds. Such phases (with high ASf) 
exhibit anisotropy during their growth because of their strongly bonded atomic 
structures and their planar defect growth mechanism. This means that they expe- 
rience difficulty in branching (i. e. adapting their scale to the local growth condi- 
tions) during eutectic growth, and their lamellae tend to diverge from a common 
direction until they are able to branch. The Al content of Mo5Si3 in the eutec- 
tic remained low, as in the primary grains. The C40-Mo(Si, A1)2 therefore had 
to incorporate almost all of the Al in the alloy, which was more than what the 
Olbstructure could retain (analysis in the EPMA showed that the C40 contained 
approximately 10 at% Al). This led to the compound solidifying with the C40 
structure. The lamellae of the two phases grew with an approximate orientation 
relationship (1129]c4o 11 [001]Tli (011I)C40 11 (011)TI, which varied within ±40. 
A characteristic structure, with eutectic being engulfed in the primary Mo5Si3 
phase (figure 4.2c), was observed in a few areas of the as-cast ingot. This struc- 
ture probably resulted from trapping of melt between the brandies of one or more 
MO5Si3grains. Being enriched in Al and Si by solute rejection, this melt solidified 
in the same manner as described above, when the temperature reached the eutec- 
tic valley. Heat extraction from this area must have taken place in a radial direc- 
tion, with the melt aroundMO5Si3being undercooled relatively to the growing 
phase (equiaxed growth). This led to the trapped melt solidifying last, following 
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the solidification of all its surroundings. Due to this delay, the engulfed eutectic 
displayed a smaHer scale compared to the average eutectic spacing found in the 
alloy. 
In summary, the solidification path followed in the ingot of aRoy 1, as revealed 
by post-solidification examination of its microstructure, was: 
L -4 L+ Tlp, -4 Tlp, + Tl,. t + C40,,, t 
The equilibrium solidification and phase transformation path of alloy 1 was 
predicted using the thermodynamic database of the ternary system. The calcu- 
lation of all solid and liquid phase concentrations was based on the lever rule: 
infinitely slow cooling was assumed to occur, with the solute redistribution in 
the liquid being very rapid over its entire volume and with the solid-state back 
diffusion being very rapid as well, leading to zero concentration gradients. This 
case is described by the equation: 
ci 1 
Co 1- (1 - k)f, 
where CO and C, are the compositions of the alloy and the liquid, k is the equi- 
librium partition coefficient, and f, is the fraction of the solid. For alloy 1, the 
resulting equilibrium solidification path is presented in figure 4.59 as a plot of 
the different phase mole fractions versus temperature. More precisely it can be 
written as: 
L -4 L+ Tl -ý TI + C40 -4 TI + C40 + Cllb 
In accordance with our observations, MO5Si3 is predicted to appear at around 
20201C (2293 K), followed by C40-Mo(Si, AI)2 at 18750C (2148 K). A solid state 
transformation of part of the C40-Mo(Si, A1)2 phase toC11b-MOSi2 should also 
occur at 575'C (848 K) under equilibrium conditions. The latter phase was not 
found in the as-cast ingot. This transformation was thus suppressed, which is 
not surprising given the low temperature at which it occurs, the extremely slug- 
gish diffusion kinetics of molybdenum silicides (particularly at such low tem- 
peratures), and the relatively high cooling rates experienced by the ingot during 
cold-hearth clean melting (;:: AO-100 K/s, see section 2.4.1). 
No change was observed in the phases present in the ingot microstructure af- 
ter long-term (72 hours) heat treatment at 1600"C (1873 K). Furthermore, the com- 
positionsOf M05Si3 and C40-Mo(Si, AI)2, when placed on the ternary isothermal 
section, fell on the same tie-line with the heat-treated alloy composition. Based on 
this evidence it was concluded that the equilibrium phases for alloy 1 areMO5Si3 
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Figure 4.59: Calculated change of mole fractions of phases as a function of tem- 
perature for equilibrium solidification and phase transformations in Mo - 46.4 Si 
- 5.3 Al (alloy 1) ingot. 
and C40-Mo(Si, AI)2. This conclusion contradicts the T1+C40 and Tl+C40+Cllb 
phase fields proposed by BrukI and Nowotny at 16000C (figure 2.10), and indi- 
cates that the boundaries of the former extend further towards the Mo-Si side, to 
include the binary M05Si3 with little or no Al in solid solution. The more recent 
isothermal sections at 15501C (Yanagihara et al., 1993), and 14000C (Costa e Silva 
and Kaufman, 1997, Eason et al., 1998), all suggest a T1+C40 phase field which 
is in accordance with our results. At the end of the present section, in figures 
4.64-4.67, four isothermal sections of the Mo-Si-AI system are given, as calculated 
using Tfiermo-Calc and the system's thermodynamic database. The tie-line cor- 
responding to alloy 1 is plotted in figure 4.64. 
4.4.2 Alloy 2: 62.5 Mo - 25 Si - 12.5 Al 
The as-cast microstructure of the alloy 2 ingot contained three phases: Mo5 (SiAI)3 
Mo3 (Si, AI) and Mo3A18. According to the liquidus projection (figure 4.58) and the 
predicted equilibrium solidification path (figure 4.60), the first phase to form from 
a melt of composition 62.6 Mo - 25.5 Si - 11.9 Al is the T1 compound at around 
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Figure 4.60: Calculated change of mole fractions of phases as a function of tem- 
perature for equilibrium solidification and phase transformations in Mo - 25.5 Si 
- 11.9 Al (alloy 2) ingot. 
21500C (2423 K). Free growth of this phase in the melt continued until almost 
two thirds of the liquid alloy had solidified, at which point the first nuclei of 
A15-MO3(Si, Al) appeared. It should be noted that M05(Si, AI)3 grew over a very 
narrow freezing range in the first stages of solidification, and that it incorporated 
Mo in a concentration that was almost equal to the one in the melt. Since the Si 
contained in this phase is more than the average Si content of the alloy (compare 
tables 4.4 and 4.5), the melt in which M05(Si, AI)3 grew became increasingly poor 
in Si. Aluminiurn on the other hand came in Mo, 5(Si, AI)3 in varying amounts, less 
or equal to the melt content. As a result, some Al solute rejection occurred. The 
chemical inhomogeneities observed in the EPMA analysis are probably an indi- 
cation of the different degree of element mixing between different areas of the 
liquid alloy. 
In the Si depleted melt, M03(Si, Al) started to form when the temperature 
reached approximately 21001C (2373 K); the phase grew in an equiaxed manner. 
The little remaining liquid solidified completely giving both phases at the same 
time. The mole fraction Of M03(Si, Al) was very low (below 5%) at this stage. 
Upon further cooling, at _-14001C (1673 K), Mo5(Si, AI)3 is expected to start trans- 
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forming under equilibrium conditions and give M03(Si, Al) andM03A18via a eu- 
tectoid reaction. TheM03A18phase was indeed identified in the microstructure 
of the alloy, but in amounts smaller than predicted: theM03A18volume fraction 
was less than 5%, instead of the predicted 10%. In addition, small Mo-rich pre- 
cipitates were found dispersed in it. These observations suggest that, during the 
actual cooling process of the ingot the matrix transformation was not completed, 
due to the quite fast temperature drop and the slow solid state diffusion kinetics 
in the phases involved. The presence of precipitates can therefore be attributed 
to being an intermediate stage of this transformation. 
Summarizing the above discussion, the solidification sequence that led to the 
microstructure observed in the ingot of alloy 2 is: 
L -4 L+ Tl --ý L+ Tl + A15 -4 Tl + A15 -ý Tl + A15 + 
M03AI8 
During long-term heat treatment at 16001C (1873 K), theM03A18phase dis- 
solved in the matrix via the mechanism described in page 113. The equilibrium 
microstructure of alloy 2 at this temperature therefore includes the Mo, 5(Si, AI)3 
andM03(Si, Al) phases. All the previously published isothermal sections of the 
Mo-Si-Al system are in agreement with this result. In figure 4.64 the tie-line of 
alloy 2 is plotted, based on the results of the present study. 
4.4.3 Alloy 3: 70 Mo - 10 Si - 20 Al 
The microstructural studies of the as-solidified ingot of alloy 3 led to the identi- 
fication of 3 phases: M03(Si, Al), Mo, 5(Si, AI)3 andM03AI8. Equilibrium solidifica- 
tion and solid-state phase transformations of a liquid with composition 70.2 Mo - 
9.3 Si - 20.5 Al will occur according to the following path (figure 4.61): 
L -ý L+ Mo (BCC) -4 L+ A15 -ý L+ A15 + Tl -4 
-ý A15 + Tl 
+ M03A18 -ý A15 + 
M03AI8 
Comparing the experimental results with the above prediction led to the follow- 
ing conclusions regarding the actual solidification path followed by alloy 3. 
At approximately 22001C (2473 K) nuclei of Mo BCC solid solution should 
form. Since the alloy composition is very close to the Mo (BCC) - M03(Si, Al) 
boundary of the liquidus projection (see figure 4.58), very soon and before the 
nuclei have the time to grow significantly, theM03(Si, Al) phase is expected to 
appear. Some evidence for the formation of BCC Mo was indeed found in the 
microstructure, and more precisely inside the A15 phase. In the middle part of the 
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Figure 4.61: Calculated change of mole fractions of phases as a function of tem- 
perature for equilibrium solidification and phase transformations in Mo - 9.3 Si - 
20.5 Al (alloy 3) ingot. 
ingot, where the lowest cooling rates were experienced (see discussion in section 
4.3), quantitative EDX analysis performed onM03(Si, Al) revealed a few areas 
in it which contained higher Mo content (-ý84 at%). These areas most probably 
indicate that Mo solid solution did form to a small extent at the beginning of 
solidification. The fact, however, that similar observations were not made in the 
other parts of the ingot, shows that in the majority of the melt formation of BCC 
Mo did not occurý and that Mo3(Si, Al) was the first phase to form directly from 
the liquid. Considering that the composition of alloy 3 is very close to the A15 
phase field, small deviations in the composition of the liquid are enough to lead 
to appearance of this phase instead of the BCC Mo. In the liquidM03(SiAl) grew 
equiaxially by consuming Mo and by rejecting Al. No Si redistribution occurred 
because the Si contents of the A15 and the melt were approximately equal. 
When the temperature reached --1950'C (2223 K), Mo, 5(Si, AI)3 started form- 
ing, since the melt composition had reached the T1-A15 eutectic valley (see figure 
4.58). Growth of this phase happened along the [001] direction, with almost all 
of the Si in the melt being incorporated in it and with Al being rejected. Thus 
the remaining liquid contained some Mo and was rich in Al. As a consequence 
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M03AI8 formed last, at 1500'C (1773 K), and its mole fraction was less than 10%. 
In equilibrium solidification, because the melt composition at this point has come 
to the T1-A15-M03Al8 triple point (figure 4.58), the Mo. 5(Si, AI)3 is expected to 
decompose upon further cooling, giving M03(Si, Al) and M03AI8 via a eutectoid 
reaction. In realityý this decomposition was never completed, since the cooling 
rate of the ingot was far too high to accommodate the sluggish kinetics of this 
reaction. Some T1 phase therefore remained in the as-solidified room tempera- 
ture microstructure, including the white stripes found amidst the alloy's matrix 
(figures 4.23,4.24). The M03(Si, Al)-MO3AI8 eutectic structure that was the main 
constituent of this matrix, is the product of the above eutectoid decomposition, 
which did take place to a large extent. 
In summary, the actual solidification path followed by the ingot of alloy 3 was: 
L -ý L+ A15 -4 L+ A15 + Tl --+ A15 + TI + 
M03AI8 
-+ A15 + TI + 
M03AI8 + (A15 + M03AI8)eutectic 
Heat treatment of the alloy at 14001C (1673 K) resulted in a transformed mi- 
crostructure, which nonetheless contained the same phases as the as-cast ingot. 
The eutectic matrix of the as-cast microstructure disappeared, while the mole 
fractions of the phases became almost equal to the ones predicted at 14000C. 
No significant changes occurred in the phase compositions either, indicating that 
equilibrium was reached and that, at the given temperature, the alloy belongs 
in a three phase field of the phase diagram. This conclusion is in partial agree- 
ment with the isothermal sections of Brukl (figure 2.10), Guzei (figure 2.11) and 
Yanagihara (figure 2.12), with the major difference concerning the nature of one 
of the phases: they do not include the M03AI8 compound. Instead the MoA12, 
M037AI63 and MoAl Phases appear respectively to be in equilibrium with the 
Tl-Mo. 5(Si, AI)3 and A15-MO3(Si, Al). Our results, on the contrary, confirm the 
isotherms of Costa e Silva (figure 2.13) and Eason (figure 2.14). The tie-lines and 
the boundaries of the A15-T1-M03A18 three phase field determined in this study, 
are included in the calculated isotherm of figure 4.66. 
4.4.4 Alloy 4: 50 Mo - 15 Si - 35 Al 
The Mo5(Si, AI)3, M03(Si, Al) and M03AI8 phases were present in the microstruc- 
ture of the as-cast ingot of alloy 4. Since the alloy's composition is within the T1 
field of the liquidus projection (figure 4.58), the first nuclei that appeared in the 
melt belonged to Mo5(Si, AI)3. Growth of these nuclei took place parallel to the 
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Figure 4.62: Calculated change of mole fractions of phases as a function of tem- 
perature for equilibrium solidification and phase transformations in Mo - 13.8 Si 
- 35.0 (alloy 4) ingot. 
[001] axis, giving elongated grains along the heat flow direction. The temperature 
of formation of T1 under equilibrium conditions is approximately 19500C (2223 
K). Rejection of Al in the melt and consumption of the Si in it during Mo5(Si, AI)3 
growth, meant that the melt composition moved towards the T1-A15 eutectic val- 
ley of the phase diagram (figure 4.58). Therefore, formationOf M03(Si, Al) started 
at 18000C (2073 K). Small quantities of Al were incorporated in this phase too, 
hence the melt continued to become Al-enriched. Most of the Mo in it was con- 
sumed during the growthOf M03(Si, Al), and in this way the triple eutectic point 
T1 - A15- M03A18was reached, at approximately 1500'C (1773 K, figure 4.58). 
At this point, the remaining melt solidified isothermally, via a eutectic reaction 
which produced more T1 and A15, but mainlyM03AI8. These phases remained 
until room temperature. From the above it can be concluded that the solidifica- 
tion path of alloy 4 was: 
L -+ L+ Tl -+ L+ TI + A15 -4 Tl + A15 + Mo3A18 
This solidification sequence is in agreement with the one that is predicted using 
thermodynamic calculations. The mole fractions of different phases in an alloy 
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with composition 51.2 Mo - 13.8 Si - 35.0 Al are given as a function of temperature 
in figure 4.62. . 
Upon heat-treatment at 1400'C, no changes were observed in the microstruc- 
ture of the ingot. The equilibrium phases in alloy 4 are therefore the same as in 
alloy 3, and they belong in the same three phase field: T1 - A15- M03AI8. The 
tie-triangle comers, as established by the phase compositions, are in excellent 
agreement between the two alloys (within ±0-5 at%). TheM03AI8 comer exists 
at approximately 30.5 Mo - 1.0 Si - 68.5 Al, theMO5Si3 one at 64.0 Mo - 25.0 Si - 
11.0 Al, and theM03Sioneat76.5 Mo - 8.5 Si - 15.0 Al. The T1 - C40 - MoAl field 
presented in Yanagihara's isothermal section was not confirmed by the present 
experimental study, neither by the thermodynamic modelling. In figure 4.66 al- 
loy 4 is plotted on the calculated Mo-Si-Al isothermal section at 14001C. 
4.4.5 Alloy 5: 37.5 Mo - 10 Si - 52.5 Al 
The microstructural characterisation of the as-cast alloy ingot led to the identifica- 
tion of three phases, Mo. 5(Si, AI)3, M03A18and C54-Mo(Si, AI)2. From the position 
of this alloy on the liquidus projection (figure 4.58) it can be deduced that the first 
phase to form from the melt during cooling will be the Tl-M05(Si, AI)3. Calcula- 
tion of the equilibrium phase transformation sequence for alloy 5 was performed 
and the result is shown in figure 4.63. According to this figure: 
L-4 L+Tl -ý M03AI8+ C54 + Tl-ý M03A18+ Tl-ý M03Al8+Tl+Al5 
When the temperature of the liquid alloy reached approximately 16500C (1923 
K), Mo5(Si, AI)3nucleated and grew forming facetted longitudinal columns, as in 
the case of alloys 1 and 4. Since this phase contains much more Mo and Si than 
the average alloy content, its growth led to the consumption of large amounts 
of these two elements; as a consequence the Mo and Si content of the melt con- 
stantly decreased, while its Al content increased. At 1500'C (1773 K), the alloy 
composition came to a triple point (figure 4.58): the liquid transformed via a eu- 
tectic reaction to Mozj(Si, AI)3 + M03AI8+ C54-Mo(Si, AI)2. Eutectic structures like 
the one shown in figure 4.47b were thus produced. Under equilibrium solidifi- 
cation conditions, the C54-Mo(Si, AI)2 compound is expected to transform upon 
further cooling, leaving T1 andM03AI8 as the only phases present in the alloy. 
At an even lower temperature, approximately 9500C (1223 K), the same eutectoid 
reaction T1 -ý A15+MO3AI8 that partially occurred in alloy 3 (from 15000C - 1773 
K) is predicted to occur in alloy 5 as well. However, noM03(Si, Al) was detected 
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Figure 4.63: Calculated change of mole fractions of phases as a function of tem- 
perature for equilibrium solidification and phase transformations in Mo - 9.0 Si - 
52.9 Al (alloy 5) ingot. 
in the microstructure of the as-cast ingot; instead the C54-Mo(Si, AI)2compound 
was preserved until room temperature. The much lower reaction temperatures 
and consequently the slower transformation kinetics involved in this alloy rela- 
tive to alloy 3, are most probably the reasons behind the suppression of the last 
eutectoid transformation. 
Thus the solidification sequence that was actually followed by the ingot of 
alloy 5 can be summarized as: 
"t ,,, t 
+ C54e L -4 L+ 
Tlprim 
--+ Tlprim + 
M03A18 + Tle 
The same phases existed in the ingot n-dcrostructure after heat treatment at 
14000C (1673 K). From this it can be concluded that they are the equilibrium 
phases at this temperature. A three phase field containing C54-Mo(Si, AI)2, Mo3AI8 
and Mo5(Si, AI)3 can be established using the EPMA analysis results, and it is 
plotted on the calculated isothermal section in figure 4.66. Its comers have the 
following compositions: M03A18: 30.6 Mo - 1.3 Si - 68.1 Al; M05Si3: 63.7 Mo - 26.5 
Si - 9.8 Al; C54-Mo(Si, AI)2: 37.0 Mo - 22.2 Al - 40.8 Al. Consideration the equilib- 
rium phases in alloys 3,4 and 5 shows that the Yanagihara isotherm (figure 2.12) 
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is incorrect in predicting three 3-phase fields near the Mo-Al side of the ternary 
system. The first assessment of Brukl and Nowotny (figure 2.10) seems to have 
been much more successful in this respect, and the same holds for the two most 
recent isotherms at 14001C by Costa e Silva (figure 2.13) and Eason (figure 2.14). 
Based on the results of the quantitative analysis that was performed on all 
alloys, some additional comments can be made. Silicon has a very limited solid 
solubility inM03AI8, never exceeding 2 at%. The stoichiometry of this compound 
was remarkably stable in all the alloys that contained it, with the Mo content be- 
ing always on the rich side of the homogeneity range, at 30 at%. The maximum 
solid solibility of Al in the 5-3 silicide (Tl) extends up to 11 at% at 14000C, and 
almost 10 at% at 16000C. These values are placed somewhere in the middle of the 
ones determined by Brukl et al. (1961a) and Costa e Silva and Kaufman (1997), 
who estimated an Al solubility of ; ý-, 12.5 at% (16000C) and 8.1 at% (14001C) re- 
spectively. The same compound exhibits a stoichiometry range in which the per- 
centage of Mo varies between 59.5 and 64 at%. A similar range was found for 
the A15 monosilicide compound: its Mo content varied between 73.5 and 77 at%, 
essentially a ±2% variation from the ideal 3: 1 stoichiometry, In the development 
of the thermodynamic database theM03(Si, Al) was considered without any sto- 
ichiometry range, and this is the reason why it appears as a single line on the 
calculated isotherms that are presented in figures 4.64-4.67. 
In the C54-structured Mo(Si, AI)2 compound, a deviation of almost 3 at% Mo 
from stoichiometry was found, while the amount of Al (--42 at%) was equal to 
that reported by Brukl et al. (1961a), Stergiou (1996) and Eason et al. (1998). The 
results of the present study confirm that C54 is indeed an equilibrium phase at 
14000C, a conclusion which is in agreement with the phase equilibria studies by 
Eason et al. (1998) (section 2.3.5). Production of this compound can be achieved 
both by arc melting and casting (this study, Stergiou (1996)) and by PM routes 
(Eason et al., 1998). Its stability at 16001C could not be examined using alloy 
5, since heat treatment at this temperature would lead to melting of the matrix 
phaseM03AI8, whose melting point is 15770C. The thermodynamic study of the 
system however, predicts that the C54-Mo(Si, AI)2 is stable both at 16001C and 
15500C (figures 4.64 and 4.65). This prediction is supported by the work of Ster- 
giou (1996), who reported that after heat treatment of the C54 containingMOSi2 + 
Al (22.6 and 30 at%) alloys at these two temperatures, the phase was still present 
in the microstructure, at a lower mole fraction. 
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4.5 Phase selection and solidification of the alloy rib- 
bons 
The as solidified wheel side of the ribbons of alloy 1 consisted of a two-phase 
cellular microstructure with the T1 and C40 structured phases present in it. The 
same two phases were observed at the free side of the ribbons, but with a mor- 
phology identical to that of the alloy ingot. In the ribbons of alloy 2, nanosized 
cells of the T1 and A15 structured phases formed the W-S microstructure, while 
the same two phases along with a third Mo-Al phase existed in the upper part of 
the ribbons. An A15 matrix with round T1 particles dispersed in it was found in 
zone A of the alloy 3 ribbons, while in zone B the microstructure contained the 
A15, T1 and Mo-Al phases. The formation of the aluminium-rich Mo intermetal- 
lic (most likelyM03A18) was suppressed at the wheel side (zone A) of both alloys 
2 and 3. The same did not happen in the ribbons of alloy 4, where a small fraction 
of the W-S cellular nanostructure was taken up by this phase. The major phase 
in zone A was the T1; A15 formation did not occur. No A15 was found in zone B 
either, where the T1 and a eutectic of Mo-Al phases appeared. Finally in both the 
W-S and the F-S n-dcrostructures of alloy 5, theM03AI8, T1 and C54 phases were 
identified. All these results are summarized in table 4.16. 
The phase selection during rapid solidification of the melt spun ribbons can 
be considered using the nucleation theory. The nucleation rate of an undercooled 
melt is defined as the number of nuclei (atom clusters whose radius is higher than 
the critical radius) appearing in the melt per second and unit volume. During 
the initial stages of nucleation this number is not constant with time, therefore 
time dependent nucleation occurs. After a certain time, a limit is reached, where 
the rate of nucleation becomes stable and does not change with time. Under 
isothermal conditions, the time t dependent nucleation rate Jt is related to the 
steady state nucleation rate J, by (Kashchiev, 1969) 
00 m 2t 
Jt = Js 
11 
+ 2B E (-l)m exp 
(- )1 
(4.2) 
M=l 
T 
where m is an integer,, r is the time lag (time period before the appearance of the 
first nuclei) and B is a constant related to pre-existing clusters. For a solidification 
process starting with a superheated liquid, 13=1. The time dependence of the 
transient nucleation rate, when plotted as JtIJ,, versus tl-r shows that at t> 5T, 
Jt reaches 99% of the steady state value. Consequently it is considered that after 
the transient time tt, the steady state nucleation rate is achieved. Integration of 
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equation 4.2 gives the number of nuclei Nt for isothermal nucleation (Kashchiev, 
1969) 
Nt = J, 
It 
- 
7r 2T-2, 
r 
M (-l)- 
exp 
(-M 2t 
(4.3) 
6 M=1 M2 T 
If t>5, r, then the sum on the righthand side of equation 4.3 can be left out; 
Nt then increases linearly with time and Jt approaches J, (Kashchiev, 1969) 
7r 
Nt = J., 
(t_ 
6 
(4.4) 
In this equation the term7r'-r/6 is called the effective time lag. 
When t< 57-, transient nucleation becomes important. The transient time for 
heterogeneous nucleation in undercooled alloy melts was derived as (Shao et al., 
1997) 
tj 
7.2Rf (0) a2T, (4.5) 
COS 0r da2 XL., ff D ASm AT2 
where 0 is the wetting angle, f (0) = 0.25 (2 -3 cos 0+ COS3 0), XL. eff is the alloy 
concentration, T, = TIT&f, T&I is the liquidus temperature, AT, =1-T, ' AS,, 
is the molar entropy of fusion, R is the gas constant, d,, is the average atomic 
diameter of the solid phase, D is the diffusivity in the undercooled melt, and a is 
the atomic jump distance. 
The steady state nucleation rate for heterogeneous nucleation was derived by 
Shao and Tsakiropoulos (1994) as 
Grl/2 
J, = 
N, d. 2 XLef f (1 - cos 0) Dm exp _AG*) (4.6) a4 [f (0) R T] 1/2 
( 
kT 
where o-,,, = No d. 1 u is the molar solid/liquid interface energy (U is the solid/li- 
quid interface energy), AG* is the excess free energy of a critical nucleus and 
N, is the number of potent heterogeneous nucleation sites per volume of liquid. 
According to Shao et al. (1997) 
AG* 167r a3f (0) AS m (4.7) 
AT2 T 7-T 3R rr 
where a is a constant equal to 0.45 for pure metals. 
Under continuous cooling conditions, the total number of nuclei formed while 
cooling from the liquidus temperature can be approximated numerically by 
Nt (Ti, ti) Jt (Ti, ti) R (4.8) 
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where Tj is the melt temperature, tj is the cooling time from the liquidus tem- 
perature TL and R is the time increment used for the numerical calculation. The 
temperature increment JT is related to Jt by Jt = ffle, - is the melt cooling rate. 
The above analysis reveals that the entropy of fusion term AS,,, (= SmLiquid _ 
SmSolid) plays opposite roles in the transient time ti, and in the critical free energy 
AG*. In transient nucleation, a phase of large AS,, will be favoured to nucleate 
as a result of its shorter transient time (equations 4.5 and 4.3), while in the case 
of steady state nucleation, a phase of low AS,, will be favoured because of the 
lower energy for the formation of the critical nucleus (equations 4.7 and 4.6). 
The molar entropies of fusion of the phases T1, C40, C54, A15 andM03A18 
were calculated for alloys 1 to 5 using the thermodynamic database of the Mo-Si- 
Al system. Because all the compound phases of the system (except Mo'5(Si, A1)3) 
were treated as stoichiometric line compounds during thermodynamic model- 
ling, it was not possible to calculate ASm as a function of temperature. Instead, 
average indicative values were obtained (table 4.17). According to the results, 
the T1 phase has the lowest ASm among all the phases present in the n-dcrostruc- 
ture of each alloy, while theM03A18phase is the one with the highest AS,,,. The 
presence of T1 at the wheel sides (zone A, where the highest cooling rates were 
experienced) of all alloy ribbons can thus be attributed to steady state nucle- 
ation effects. Transient nucleation does not appear to play a significant role in 
the phase selection of rapidly solidified Mo-Si-Al ribbons, despite the high cool- 
ing rates involved. As it has been shown by Shao and Tsakiropoulos (1994) and 
Shao et al. (1997), there exists a critical cooling rate, 6o, above which transient nu- 
cleation phenomena become dominant and determine which phase (or phases) is 
more favourable to nucleate from the melt. Steady state nucleation is dominant at 
cooling rates below co. Predominant nucleation maps (PNM) can be constructed 
using equations 4.2 and 4.5 to 4.8 and thermodynamic and kinetic data for the 
system of interest and the phases included in it. Such PNM have been calculated 
for Ti-Al alloys, and the critical cooling rate co for Ti-50AI processed using the 
same equipment as in this study was found to be 1.3-10' K- s-'. In the case of 
Mo-Si-Al alloys, despite the availability of thermodynamic data, no PNM could 
be calculated due to the absence of kinetic data, such as the atom diffusivity in the 
undercooled melt and the number of potent heterogeneous nucleation sites, N,. 
Therefore, no estimation of the critical cooling rate was possible. The observed 
ribbon n-dcrostructures, nonetheless, indicate that the cooling rates achieved dur- 
ing melt spinning of the alloys studied in the present work were lower than co. 
At the wheel side of the melt-spun ribbons of alloy 1, both T1 and C40 nu- 
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Table 4.17: Values (in J- mol' - K-1) of the molar entropy of fusion AS,,, of the 
various phases identified in the ribbons of alloys 1 to 5. 
ALLOY Tl C40 A15 M03AI8 C54 
1 23.16 25-03 
2 17.67 20.85 22.30 
3 14.50 19.08 20.78 
4 16.13 19.44 20.99 
5 15.50 19.89 15.89 
cleated from the undercooled melt and grew directionally upwards, with the T1 
phase occupying the largest mole fraction. This is consistent with its slightly 
lower molar entropy of fusion, which leads to a higher nucleation rate J,, and 
hence a larger number of T1 nuclei present in the melt. The aligned cellular struc- 
ture observed at the wheel side of the ribbons (zone A) was succeeded at the 
free side (zone B) by equiaxed T1 cells and a eutectic of T1+C40. This structure 
indicates that despite the higher cooling rates imposed by the steeper tempera- 
ture gradient and the small dimensions of the melt, solidification in this part of 
the ribbons occurred in the same way as in the ingot. As a consequence of the 
decreasing cooling rate through the thickness of the ribbons, the microstructural 
scale increased from bottom to top. 
Rapid solidification of alloy 2 led to suppression of theM03AIS phase in zone 
A of the ribbons. The number of A15 cells found in the same area was very small, 
while the vast majority of the microstructure consisted of the T1 phase. According 
to steady state nucleation, the formation of T1 nuclei in the undercooled melt is 
favoured against that of A15 nuclei, because of the lower AS,,, of T1 in relation 
to A15. From the phase equilibria of the Mo-Si-Al system it can be seen that, at 
the composition of the ribbons of alloy 2, the phaseM03A18does not form directly 
from the melt but is the product of a solid state phase transformation T1 -ý A15 + 
M03A18 (figure 4.68). Thus, its suppression results from suppression of this phase 
transformation due to the extreme cooling rates experienced by the ribbons. The 
appearance in zone B of limited amounts of a Mo-Al phase is probably indicative 
of the early stages of the above transformation. 
The same transformation is expected to occur, according to the phase diagram, 
for an alloy with composition equal to that of the alloy 3 ribbons (figure 4.69). It 
should be noted that this was not the case for the ingot of alloy 3, whereM03A18 
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Figure 4.68: Calculated change of mole fractions of phases as a function of tem- 
perature for equilibrium solidification and phase transformations in alloy 2 rib- 
bons. 
fon-ned from the liquid phase as the last product of solidification (section 4.4-3, 
figure 4.61). The shift of the overall composition of the ribbons relative to that 
of the ingot (table 4.7) apparently led to a different area of the phase diagram 
and caused this change. The microstructure of the wheel side of the melt-spun 
ribbons (A15 and T1) indicates suppression not only of the M03AI8 formation 
reaction, but also of the transformation L -ý Mo (bcc) and the peritectic reaction 
L+ Mo (bcc) -4 A15. This means that the first phase to form in the melt during 
RS of alloy 3 was the A15-MO3(Si, Al) phase. Even though this conclusion appears 
contradictory to the steady state nucleation argument presented above, it is not 
unreasonable given the fact that the A15 phase is Mo-rich, with a composition 
(, 75 at% Mo) very close to the overall ribbon composition (-73 at% Mo). Its 
nucleation is hence much easier relative to the T1 phase. Transient nucleation 
phenomena, which would favour the formation of A15 nuclei against T1 due 
to their shorter transient time, cannot be excluded either. However, since the 
, calculation of the critical cooling rate 
(co) variation with composition was not 
possible, it is not possible to confirm whether in the case of the alloy 3 ribbons EO 
becomes lower than the typical cooling rates achieved during melt spinning. It 
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perature for equilibrium solidification and phase transformations in alloy 3 rib- 
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is most likely that steady state nucleation was still dominant in alloy 3, because 
of the formation of T1 particles, which would not have happened in the opposite 
case. After nucleation, growth of the A15 phase took place along the [100] axis, 
while the T1 grew along the [001] axis. In zone B (free side) of the ribbons, the 
cooling rates were low enough to allow the reaction T1 -+ A15 + Mo3A18 to occur. 
Nucleation of the T1 phase was the dominant event at zone A of the ribbons 
of alloy 4, during the initial stages of solidification. In accordance to the argu- 
ment presented above, this phase is thermodynamically preferable to A15, which 
did not form at all. Furthermore, the overall ribbon composition was far from 
that of the A15 phase, an additional factor making its nucleation more difficult. 
The formation of limited amounts of an intercellular Mo-Al phase (which could 
not be identified asM03AI8, but seemed to have approximately equal Mo and Al 
contents) can be explained as follows. After their formation, rapid growth of the 
T1 nuclei took place. Since this phase cannot incorporate more than --12 at% Al, 
microsegregation of Al occurred between the growing T1 cells. All the Si was 
consumed by T1. Eventually the remnant liquid was so enriched in Mo and Al 
that the formation of another phase became possible. At the wheel side of the 
0 500 1000 1500 2000 2500 
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ribbons, where the highest cooling rates (and therefore the highest solid/liquid 
interface velocities) were present, a non-equilibrium MoAl phase formed. To- 
wards the free side of the ribbons., due to the reduction of the cooling rate, more 
time was available for diffusion to occur, and thus a eutectic between MoAl and 
M03A18formed instead. 
In alloy 5, the formation of C54 was not suppressed by rapid solidification, 
even though according to the calculated equilibrium mole fractions (figure 4.70) 
it is expected to appear in very small quantities and eventually decompose to T1 
andM03A18. The molar entropy of fusion AS,, of C54 is almost as low as that 
of T1, which means that under steady state nucleation conditions it is as likely to 
form in the melt as does the T1 phase. Both phases therefore nucleated and were 
present at the wheel and free sides of the ribbons, together withM03A18. Which 
also nucleated directly from the melt. On the whole, the ribbon microstructure 
was not characterized by differences in the phases formed, but by variation in the 
grain size, from nanoscale (in zone A) to a few micrometres (in zone B). Like in the 
case of the ribbons of alloy 1, numerous independent nucleation events took place 
ahead of the rapidly growing solid/liquid interface at the free side of the ribbons, 
which then gave the single grains that were found dispersed in it. Solidification 
in zone B happened in a way similar to the ingot. The C54 decomposition reaction 
was suppressed. 
The transition observed in all alloy ribbons from a colum nar microstructure in 
zone A to an equiaxed one in zone B, is indicative of a transition occurring dur- 
ing solidification, from arrayed growth to non-aligned growth of the nucleated 
phases. Similar transition phenomena have been observed during unidirectional 
solidification of Zn-Cu peritectic alloys (Ma et al., 2000), in which a columnar 
growth changes to equiaxed growth below a certain growth velocity. The reason 
for this transition is that equiaxed (non-aligned) cells or dendrites can nucleate 
and grow ahead of the moving solidification interface when there is a region of 
undercooled liquid ahead of the interface. In the rapidly solidified Mo-Si-Al rib- 
bons of this study, after nucleation at the melt/wheel interface, the cells grew 
upwards in an arrayed manner, while the velocity of the solid/liquid interface 
started decreasing due to the heating up caused by the release of latent heat 
(recalescence). When this velocity became low enough, equiaxed growth com- 
menced. The distance from the bottom of the ribbons at which this transition 
occurred varied from ribbon to ribbon, reflecting the differences in the tempera- 
ture gradients caused by the different thicknesses of the melt poured on the wheel 
(equation 4.10). Using the relationship between the temperature gradient G, the 
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.. 
and the cooling rate E (= dTIdt) growth velocity V 
G- Vq = -dT dt 
(4.9) 
indicative values of the maximun growth velocities were calculated for the five 
different alloy ribbons. Cooling rates of 101,10' 101 K/sec were used, while the 
temperature gradient was taken as the ratio 
dT TL - T,, 
Tt -x 
(4.10) 
where x is the ribbon thickness, TL is the liquidus temperature and T,, is the wheel 
temperature. For the calculations, T,,, was considered to be equal to 251C (298 K), 
while the value of TL for each alloy was evaluated from the liquidus projection. 
With an average value of ribbon thickness 501im, the results in table 4.18 were 
obtained. It can be seen that, at the cooling rates attainable in melt spinning, 
solid phase growth velocities in the order of mm/sec to cm/sec can be achieved 
for Mo-Si-Al alloys. 
500 1000 1500 2000 
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Table 4.18: Values of the maximum growth rate attained during rapid solidifica- 
tion (melt spinning) of Mo-Si-Al alloys. 
6 Growth velocity Vg (m/sec) 
(K/sec) Alloy 11 Alloy 2 1 Alloy 31 Alloy 4 1 Alloy 5 
106 2.4-10-2 2.4-10-2 2.2-10-2 2.5.10-2 3.0.10-2 
10" 2.4-10-3 2.4-10-3 2.2.10-3 2.5.10-3 3.0.10-3 
10, 2.4-10-4 2.4-10-4 2.2-10-4 2.5-10-4 3.0-10-4 
4.6 Conclusions 
Ingots of five different alloy compositions in the ternary Mo-Si-Al system were 
produced using clean melting, and microstructural characterisation was perfo- 
rmed both in the as-cast alloys and in long-term heat-treated samples. The solid- 
ification paths and phase transformations that occurred during cooling were de- 
duced from the as-cast microstructures and were compared with thermodynamic 
predictions. Good agreement was observed between the produced microstruc- 
tures and the expected equilibrium transformation sequences, except when the 
reaction onset temperatures were below 1000'C. In the latter case all transfor- 
mations were suppressed, due to the sluggish diffusion kinetics of the atoms in 
intermetallic alloys, and the lack of sufficient reaction time during the relatively 
fast cooling of the ingots. Thus, the formationOf C11b-MOSi2 in alloy 1, the de- 
composition of Mo, 5(Si, AI)3and C54-Mo(Si, AI)2in alloys 3 and 5 respectively, and 
the formation of A15 in alloy 5, did not take place. 
Quantitative determination of the compositions of the phases present in the 
heat-treated microstructures allowed the establishment of the phase boundaries 
of all three-phase fields at the Mo-Al side of the ternary Mo-Si-Al system. At the 
Mo-Si side of the system, two of the existing two-phase fields were confirmed. 
The experimental results are in excellent agreement with the recent thermody- 
namic assessment of the phase equilibria. Long-term heat treatments additionally 
provided confirmation of the high-temperature stability of the C54-Mo(Si, AI)2 
phase, which was found to be an equilibrium phase at 14000C. A limited solid 
solubility of Si inM03A18 (up to 2 at%) was determined, as well as an extended Al- 
solubility inMO5Si3. The A15-MO3(Si, Al) phase exhibited a stoichiometry range 
of ±2%. 
Rapid solidification using melt spinning led to the production of short rib- 
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bons with a characteristic two-zone microstructure. This microstructure was the 
result of a variation in the cooling rates through the ribbon thickness. In the areas 
that were in contact with the spinning wheel (zone A), the highest cooling rates 
were experienced, and nanosized microstructures formed with an aligned cellu- 
lar morphology. In the areas that were in contact with the air (zone B), equiaxed 
microstructures similar to those of the as-cast ingots were observed; there, size 
refinement was the only effect of rapid solidification processing. Solid state trans- 
formations, such as the formationOf M03A18in alloy ribbons 2 and 3, were wholly 
suppressed in zone A and partially in zone B. Steady state nucleation accounts for 
the phase selection in all alloy ribbons. The T1 phase could not be suppressed due 
to its low free energy of formation, and similar observations hold for C54. The 
only exception from the above behaviour was seen in alloy 4, where the inability 
of the A15 phase to form was attributed to the overall ribbon composition being 
very far from the A15 stoichiometry. 
Chapter 5 
A study of alloying in MOSi2 and 
MOSi2+Al using the Auger parameter 
5.1 Introduction 
Alloying behaviour at the electronic level has only recently been considered in the 
developmentOf MOSi2 andMOSi2+Al intermetallic alloys. The electronic struc- 
ture and the nature of bonding inMOSi2 constitute fundamental knowledge di- 
rectly related to many of the properties of the compound. The valence configura- 
tion of the Mo atom is 4dI 5s', while for Si and Al it is 3s23p2 and 3S2 3p' respec- 
tively. Upon alloying Mo with Si a transfer or redistribution of valence charge 
between the atoms takes place leading to the formationOf MOSi2or of other in- 
termetallic compounds depending on the relative amounts of the two elements 
(the terminal solid solutions in the Mo-Si alloy system have limited solubilities). 
This transfer or redistribution of charge determines the nature of bonding in the 
compound, and consequently its crystal structure and its mechanical, electronic 
and thermal properties (Hume-Rothery et al., 1969). When a third alloying el- 
ement (such as Al) is added to the compound, changes in the electron density 
around the atoms inMOSi2 are introduced, possibly resulting in changes in the 
bonding and therefore the properties of the material. 
So far, all the attempts towards understanding the electronic structure of mo- 
lybdenum disilicide and its alloys have been confined to theoretical modelling. A 
relativistic calculation by Bhattacharyya et al. (1985) showed a charge transfer of 
1.12 e- /atom from Si to Mo, implying an ionic character of the bonding between 
Mo and Si atoms in pureMOSi2. However, this result has not been corroborated 
by more recent studies. Tang and Zhang (1988) showed the existence of a strong 
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p-d hybridisation state in MOSi2 accompanied by a small charge transfer of 0.1 
e- /atom from Si to Mo. More recent theoretical work using the DV-X,, molecular 
orbital method carried out by Harada et al. (1996), indicated a covalent type of 
bonding between Mo and Si atoms accompanied by a charge transfer from Mo 
to Si sites. The electronic structure changesOf MOSi2 imposed by alloying with 
transition elements have also been studied and crystal structure maps have been 
produced (Harada et al., 1997) using two parameters, the bond order (Bo) and 
the d-orbital energy level (Md). The bond order is a measure of the strength of 
the covalent bond between atoms, while the d-orbital energy level is associated 
with the electronegativity and the atomic radius of the element M. In another 
approach, the band structure and the bonding stateOf MOSi2were determined 
using the local density functional theory and the linear muffin-tin orbital method 
(Andersen et al., 1995). 
These theoretical predictions have never been weighed against experimental 
evidence. In a number of recent studies (Waddington et al., 1989, Evans et al., 
1992, Weightman et al., 1995) a new practice of quantifying Auger parameter (AP) 
changes into charge transfer (CT) occurring upon alloying in binary systems has 
been developed. This practice is based on a model developed by Thomas and 
Weightman (1986) and allows for a direct estimation of the charge transfer, a bet- 
ter insight of order-disorder phenomena, of bonding between atoms and of crys- 
tal structure changes in alloys (Diplas et al., 1998,1999,2000). The work described 
in this chapter is an attempt to study charge transfer (or charge redistribution) in 
MOSi2andMOSi2+A1 via AP changes, and to relate these results to previous stud- 
ies of the electronic structure, the nature of atomic bonds and subsequently the 
properties of these compounds. High energy X-ray photoelectron spectroscopy 
(XPS) with a Cr Ke source was used for the measurement of the binding and 
kinetic energies of the core levels employed for the calculations of the Auger pa- 
rameters. 
5.2 XPS results 
The microstructures of the MOSi2, MOSi2+x Al (x=10,22.6,40 at%) alloys used in 
the present study have been presented elsewhere (Stergiou, 1996, Whiting and 
Tsakiropoulos, 1996) but will also be summarized briefly here. Image analysis 
in the SEM was used to determine the volume fraction of each phase in all the 
microstructures. The MOSi2 alloy consisted of a MOSi2 matrix with small Mo5Si3 
precipitates, the percentage of which was found to be less than 5%. The alloy 
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Figure 5.1: Survey spectrum taken from theMOSi2+40 at% Al alloy. 
with 10 at% Al contained only the C40-structured Mo(Si, AI)2 phase, while the 
alloy with 22.6 at% Al consisted mainly of the C40-Mo(Si, AI)2 with significant 
chemical inhomogeneity. Small grain boundary precipitates of the C54-structured 
Mo(Si, AI)2, and Of MOA18 and Mo5(SiAI)3 were also found, but their total vol- 
ume fraction was estimated to be about 8.6%. Finally, the alloy with 40 at% Al was 
found to contain both the C40- and C54-Mo(SiAI)2 (image analysis gave volume 
fractions of 47.3% and 43.8% respectively), with small amounts of the MO5(Si, Al)3 
and MOA18 phases (about 8.9%). 
The survey spectrum of the MOSi2+40 at/o Al alloy is shown in figure 5.1. All 
the peaks of Mo, Si and Al can be identified in it, with the exception of the Al 
KLL peak, which lies between the Al & excited Al 2s and Si 2s peaks. Figure 5.2 
shows the Mo 2p3/2 photoelectron peak and the Mo LMM Auger transition peak 
taken from MOSi2. The Si ls photelectron peak and the Si KLL Auger peak from 
the MOSi2+10 at% Al alloy, are shown in figure 5.3. The Al ls and Al KLL peaks, 
as obtained from the MOS12+40 at% Al alloy, are presented in figure 5.4. Similar 
high resolution Mo, Si and Al peaks were acquired from the samples of all three 
ternary alloys and from the standards. The binding energies of the photoelectron 
peaks as well as the kinetic energies of the Auger electron peaks were determined 
with an accuracy of ±0.10 eV and are given in table 5.1. 
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Table 5.2: Experimentally measured plasmon energies. 
ALLOY INTENSITY RATIO ENERGY SEPARATION (eV) 
ls or 2p / 1-11 plasmon 
Pure Si 4.5 ist plasmon = 17.4 
2nd plasmon 16.5 
Si in MOSi2+40 at% Al 6.2 18t plasmon 20.6 
Pure Al 2.3 l3t plasmon = 15.0 
2 nd plasmon = 15.7 
3rd plasmon = 15.3 
4 th plasmon = 16.3 
Al in MOSi2+40 at% Al 5.2 lst plasmon = 20.7 
2nd plasmon = 20.1 
Pure Mo 19.0 (2p/1't plasmon) Ist plasmon = 10.0 
13.0 (2p/2nd plasmon) 2nd plasmon = 9.9 
Mo in MOSi2+40 at% Al 4.4 (2p/llt plasmon) Ist plasmon = 20.7 
15.5 (2p/2nd plasmon) 2nd plasmon = 21.2 
The plasmon loss peak structures of the Mo 2P3/2/ Si ls and Al ls photelectron 
peaks are presented in figures 5.5,5.6,5.7; table 5.2 presents the intensity ratios 
and the energy separation of the plasmon peaks. The spectra were taken from 
the pure standards and the MOSi2+40 at% Al alloy, and show a decrease in the 
intensity of the plasmons of both Si ls and Al ls in the alloy compared to the 
pure metals. This decrease seems to be more significant (more than twice) for 
the Al ls Plasmons than for the Si ls ones (about 1.5 times). On the contrary, 
the intensity of the plasmons of Mo 2P3/2 appears to be increased in the alloy. In 
addition to the changes in the intensity of the plasmons, shifts in their position 
were also recorded. The shift in the plasmon energy in the alloy was found to be 
approximately 5 eV for the Al ls and Si ls plasmons. For the Mo 2P3/2 plasmons 
the shift was bigger, at about 10 eV. 
5.3 The Auger parameter 
Wagner (1975) introduced the concept of the Auger parameter (a) as the differ- 
ence in kinetic energy between an Auger and a photoelectron line of the same 
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element in the same spectrum. The big advantage of this parameter is that the 
static charging and work function components of the electron energies (equation 
3.1) are cancelled out, rendering it a characteristic quantity for each compound. 
However, since the kinetic energy of the photoelectron is determined by the en- 
ergy of the exciting X-ray photon, there is a strong dependence of a on primary 
radiation. In order to cancel this dependence, a modified Auger parameter (a*) 
was defined by Gaarenstrom and Winograd (1977) as follows 
EA; Auger - Ek pE + hv * 
Ek Aug,, - (hv - Eb pE) + hv -ý* 
a* ý'-- EA: Auger + Eb PE 
where Ek A.. qe, and Ek pE are the kinetic energies of the Auger electron and the 
photoelectron respectively, and Eb PE is the binding energy of the photoelectron. 
The modified Auger parameter is also known as final state Auger parameter. 
Changes in it can be used as an empirical tool to characterise chemical states. 
The ionisation, or binding energy, of an electron in core level i is given by the 
expression 
Eb(i) = -ei -R (5.2) 
with ei being the eigen-value of the single-electron Schr6dinger equation in the 
initial state (before ionisation), and R the final state relaxation or screening term 
which has both an intra-atomic and extra-atomic contribution. The intra-atomic 
relaxation, or rearrangement energy R, comes from the fact that after ionisation 
(creation of a cole hole) the remaining atomic shells relax as the photoelectron 
leaves, providing stabilisation energy for the ion. The extra-atomic contibution. 
takes into account two terms: a) the bonding to neighbouring atoms which will 
change the atomic energy levels in the initial state by an amount Aci, and b) the 
fact that electrons from the extra-atomic (neighbouring) environment may read- 
just during ionization, thus reducing the total energy of the ion by an amount 
also known as the polarisation energy Ril a. 
The kinetic energy of an Auger electron is given by the difference in energy 
of the atom between the initial (one hole) and final (two holes) states. For an ijj 
transition 
Ek(ijj) = Eb(i) - 2Eb(j) + Rs - F(x) (5.3) 
The term F(x) is an electron-electron interaction term included because of the 
double vacancy in the final state, while RI is the intra-atomic relaxation energy 
for the j shell. 
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Between two different environments (e. g. pure element and alloy) there will 
be a shift in the binding energy of the emitted photoelectron as well as in the 
kinetic energy of the Auger electron. Using equations 5.2 and 5.3 it has been 
shown (Wagner, 1975) that the shift of the final state Auger parameter Aa* is 
approximately equal to twice the change in extra-atomic relaxation energy for a 
one-hole state (photoemission) 
ea 2ARi (5.4) 
and half the change in extra-atomic relaxation energy for a two-hole state (Auger 
emission) 
Aa* = 0.5ARjj' (5.5) 
This shift can be used in order to determine the charge transfer accompanying 
alloy formation. The binding and kinetic energies that were determined using 
high energy XPS were used for calculating the Auger parameter shifts for Mo, Si 
and Al. First, the modified Auger parameter a* of each element in each alloy and 
in the standards was calculated by adding the photoelectron binding energy to 
the Auger kinetic energy, according to equation 5.1. The results are summarized 
in table 5.3. Subsequently, the changes in the Auger parameter of each element 
between the two different chemical environments were calculated from: 
a*lly -* (5.6) a %ure element 
and the results are given in table 5.4. The accuracy of these measurements is 
±0.1eV. 
5.4 Charge transfer estimation models 
In order to determine the charge transfer occurring upon alloy formation, it is 
necessary to establish a relationship between the atomic valence charge (q) and 
the core atomic potential (V). It is accepted that this is a linear relationship of the 
form: 
V=C+kq+U (5.7) 
where C is the contribution from the nucleus and the core electrons, k is the 
change in the core potential when a valence electron is removed, and U is the 
contribution from the environment. 
Thomas and Weightman (1986) developed a model which describes the way 
charge transfer Aq is related to shifts of the final state Auger parameter Aa*. 
CHAPTER 5. - MoSi2 and MoSi2 +A] alloying studies 199 
Table 5.3: Modified Auger parameters of Mo, Si and Al in the pure standards and 
in the alloys under investigation. 
NOMINAL 
Al 
CONTENT 
COMPOSITION (at%) AUGER PARAMETER (eV) 
mo Si Al mo Si Al 
0 100 0 0 4560.41 - 
0 0 100 0 - 3456.78 - 
100 0 0 100 - - 2953.63 
0 33.3 66.7 0 4560.52 3457.54 - 
10 33.3 56.7 10 4560.34 3457.42 2953.03 
22.6 33.3 44.1 22.6 4560.65 3457.37 2952.90 
40 33.3 26.6 40 4560.53 3457.61 2952.86 
Table 5.4: Modified Auger parameter variations for MOSi2 and MOSi2+x at% Al. 
ALLOY Aa* - Mo 
(eV) 
Aa* - Si 
(eV) 
Aa* - Al 
(eV) 
MOSi2 0.11 0.76 - 
MOSi2+10 at% Al -0.07 0.64 -0.60 
MOSi2+22.6 at% Al 0.24 0.59 -0.73 
MOSi2+40 at% Al 0.12 0.83 -0.77 
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Assun-dng that k and q depend linearly on the occupancy of core-orbitals N (linear 
potential model), the AP shifts can be described by the following equation 
ki )+ (ki 
-2 
dk) (Lqi )] 
+A 
(dU) 
(5.8) 
[qi (ýL 
dN dN dN dN 
where i refers to the valence orbital (if there is more than one valence orbital). 
The term dkildN represents the shrinkage of the valence orbitals caused by the 
removal of a core electron; its sign is always negative. A(dqldN) is the final state 
screening efficiency, while the term dUldN represents the change in the atomic 
potential at the site due to changes in charge distribution of neighbouring atoms 
caused by the creation of the core hole N. Assuming perfect local screening of the 
core-hole for metals (dqldN =I in both environments, so that A(dqldN) = 0), 
and assuming that the polarisation of the surroundings accompanying core-hole 
formation is zero for conductors, the above equation can be simplified to (Thomas 
and Weightman, 1986, Weightman et al., 1995) 
A Aq( ") (5.9) dN 
if one type of valence electron is important in the screening. 
Further analysis of the above model by Cole et al. (1994) showed that nonlin- 
earities exist in the relationship between the valence charge and the core potential 
(equation 5.7); these are due to the fact that k depends on the valence charge q and 
on the number of core holes N with an expression of the form 
k(N, q) =a+ bN+dq (5.10) 
where b represents the contraction of the valence shell on core ionization and d 
arises from the expansion (or contraction) of the valence shell of the atom accom- 
panying the gain (or loss) of valence charge. By incorporating this new form of k 
in the previous Thomas and Weightman model, the non-linear potential model is 
obtained 
Aa*=A q-b+-Lq 
[a-2b+d 
q- _ýq 
)] 
+ 
dVea 
(5.11) 
1 
dN 
( 
dN dN 
As before, equation 5.11 can be written in the case of metals as 
Aa* =b- Aq (5.12) 
The difference in the estimation of the charge transfer between the two models 
was reported to be about 10% (Cole et al., 1994). 
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In essence, two separate contributions are assigned by this model to the Auger 
parameter shifts of an atom. Initial state charge transfer Aq towards or away 
from the atom site will influence the efficiency of core hole screening and will 
therefore be reflected in its Auger parameter; in addition, the transfer of extra- 
atomic screening charge from the surrounding atoms will also contribute to the 
relaxation of the core hole. In the case of perfect metals with an infinite dielectric 
constant (such as Mo and Al), the total of the Auger parameter shift is attributed 
to initial state charge transfer, as described by equations 5.9 and 5.12. In the case 
of Si however, the assumption of perfect local screening has to be examined. Ele- 
mental Si, as well as Si in numerous compounds, is characterised by semiconduct- 
ing properties, implying imperfect screening at the Si-sites; the screening charge 
per core hole transferred to the Si-site from the atomic environment is no longer 
exactly one but approximately (1-11e) of a charge (e is the finite dielectric con- 
stant). This means that the second and third terms of the Weightman model now 
assume importance, hence the Auger parameter shifts can be due to both initial 
state charge transfer screening and extra-atomic screening or any of the two. As a 
result, equation 5.8 cannot be simplified to equation 5.9, because the second and 
the third term of equation 5.8 are not equal to zero. In this case, the model is 
reduced to the following equation (Waddington et al., 1989, Evans et al., 1992): 
Aa* = Aq 
A) 
+A(1/6) k-2 
( dk )] 
(5.13) 
(dN I 
kN 
where A (1/6) reflects the difference between the finite dielectric constant of Si in 
the semiconducting elemental Si and in the alloy under consideration. 
MOSi2 has been reported to display high electrical conductivity (Goldschmidt, 
1967) and sen-d-metallic electronic properties (Antonov et al., 1994ab). In order to 
determine the exact behaviour of the binary compound and of the ternary alloys, 
electrical resistivity measurements were carried out using the four-pin method. 
The results showed that the electrical resistivities of all alloys are of the order of 
10-6 Om , indicating conductivity of a metallic character (it is useful to note that 
the electrical resistivities of pure Cu and Si are 0.596.10-10 - cm and 2.52 - 101 Q- cm 
respectively). 
These results allow us to assume that Si atoms are being perfectly screened in 
the alloys examined in this study, which means that 
Si (116)MOSi2orMoSi2+Al -0 (5.14) 
As a result A (dqldN), or A (1/6) in equation 5.13, is given by the screening of a Si 
atom in pure Si, " (Ile)si -- 0.08 (Evans et al., 1992). 
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Table 5.5: Values of k, dk/dN and b used to calculate the contribution of Si and 
Al in charge transfer. 
ELEMENT k dk/dN k' dk/dN b 
eV eV eV eV eV 
si 
s-charge 11.12±0.08 -2.64±0.05 11.79 
1 
-2.80 
si 
p-charge 9.42±0.20 -3.17±0.03 11.21 -3.77 - 
Al 
s-charge - - -2.27 
Al 
p-charge -3.18 
Table 5.6: Silicon and aluminium charge transfer contributions (imperfect screen- 
ing model results for silicon are given in right hand column). 
ALLOY Si (e-) 
MOSi2 
-0.25 0.20 
MOSi2+10 at% Al -0.21 0.23 0.19 
MOSi2+22.6 at% Al -0.19 0.25 0.23 
MOSi2+40 at% Al -0.27 1 0.17 1 ý. 24 
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Calculation of the charge transfer Aq using the above model requires the use 
of the potential parameters ki, dkildN, bi, di. The values of these parameters can 
be obtained from the results of atomic structure calculations for free atoms and 
the use of a renormalisation procedure for atoms in metals (Gregory et al., 1993, 
Jackson et al., 1995). The potential parameters used in the present study are given 
in table 5.5. For Mo, as well as for the rest of the second row transition elements, 
potential parameter values have not been reported in the literature. For Al, only 
the values for the parameters b, d were available. The value for the p-orbital was 
used, as a consequence of the 3p orbital being the valence orbital of aluminium 
(Jackson et al., 1995). For Si, the parameters ki and dkildN were averaged over 
the free atom and renormalised atom values for the s and p bonding orbitals due 
to the hybridisation of these orbitals. The charge transfer values, as calculated 
from equations 5.9 and 5.13 for Si, and equation 5.12 for Al, are shown in table 
5.6. The error in these values was calculated from the errors in the Auger param- 
eter values and the potential parameters values and was estimated to be ± 0.05 
e-/atom. 
5.5 Auger parameter variations, charge transfer and 
atomic bonding inMOSi2 
Changes in the Auger parameter are measures of the local screening efficiency 
of a system in the presence of a core hole (Walker et al., 1994, Matthew et al., 
1995). The significant increase in the Auger parameter of Si inMOSi2 relative to 
the elemental solid indicates that Si is better screened in the silicide environment, 
in agreement with a previous study onMOSi2 (Briggs and Seah, 1994). Within 
experimental error, the Mo Auger parameter does not change significantly. This 
result is in agreement with previous reports that the Auger parameter variations 
of the first and second row transition metals are very small. In contrast, metals 
like Si and Al, with a s-p character of valence charge, show significant Auger 
parameter variations when they participate in the formation of ordered phases 
(Diplas et al., 1999,2000). 
In the case of metals, perfect screening is anticipated, i. e. extra-atomic electron 
transfer in response to the core hole formation leads to a local charge neutrality. If 
a system is characterised by a finite dielectric constant, as in the case of Si (E=12), 
screening is incomplete: the simplest description of the imperfect screening is by 
a Jost cavity model, which predicts a reduced screening charge (1-11c) at the cav- 
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ity radius leading to a reduction in the relaxation energy of around 8%. The trans- 
fer of an element from a semiconductor to a metal environment would lead to an 
increase in Auger parameter not directly related to initial state charge transfer. 
In addition, the work of Thomas and Weightman (1986) shows that, on alloying, 
enhanced electron density on a site improves local screening and increases the 
Auger parameter, while electron transfer away from an atom tends to reduce a*. 
In assessing the change in Si Auger parameter both effects may be important. 
Table 5.6 shows the estimates of the local Si charge according to two extreme as- 
sumptions. If perfect screening, or equivalent imperfect screening, is assumed 
in both Si andMOSi2, all the shift in Aa* is associated with charge transfer, and 
a small negative charge of 0.25 e-/atom. is assigned to the improved screening 
shown by the increase in the Auger parameter of Si. On the other hand, if im- 
perfect screening in the Jost cavity model is assumed for elemental Si and perfect 
screening forMOSi2, then Si has a small positive charge of 0.2 e- /atom. The Jost 
cavity model of imperfect screening is only a simple approximation with limited 
precision, but these two estimates of Si charge transfer define useful limits- MOSi2 
does display metallic conductivity, but its resistivity is also high by metal stan- 
dards and so it is possible that the screening environment is less efficient than 
in an ideal metal while at the same time better than in Si itself. This suggests 
a charge transfer level somewhere between the two estimates, i. e. close to zero. 
Previously, a similar increase in the Auger parameter of Si has been observed in 
Nb., Sil-., when it undergoes a transition from a semiconducting state to an amor- 
phous metallic alloy (Matthew et al., 1995). This is in accord with the arguments 
presented above. 
If initial state charge transfer was important for Si inMOSi2an opposite shift 
in the Auger parameter of comparable magnitude might be expected for Mo; no 
such effect is observed. Relatively small charge transfer between Mo and Si is 
consistent with their common Pauling electroneg, ýtivities (both 1.8 units). 
Theoretical calculations of the electronic structureOf MOSi2 are not in agree- 
ment with the charge transfer found in the present experimental study Andersen 
et al. (1995) claimed that the valence configuration of molybdenum disilicide is 
approximately Mo 4d, Si23S2 3p2.5, therefore showing a charge transfer from Mo 
to Si of about 0.5 e- /atom. Harada et al. (1996) calculated the ionicity of Mo and 
Si and found that it is always positive for Mo atoms and negative for Si atoms, 
implying charge transfer from Mo to Si inMOSi2- 
Based on the above discussion about charge transfer and the changes of the 
Auger parameter measured for the two elements, one can conclude that the bond- 
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Figure 5.8: The tetragonal CIII, MoSi2unit cell (black atoms are Mo, green atoms 
are Si). 
ing between Mo and Si inMOSi2 is of covalent rather than ionic character. Ionic 
bonding would involve much bigger values of charge transfer than the ones im- 
plied in the present study and it would also show two opposite trends of the 
Auger parameter variations. This compares well with the theoretical studies of 
Harada et al. (1996), Andersen et al. (1995), McMahan et al. (1994), Waghmare 
et al. (1998) on the atomic bonding0f MOSi2. According to McMahan et al. (1994), 
the molybdenum silicides are far more covalent than ionic, with the hybridised 
p-d Mo-Si bonds being the predominant bonds over the Si-Si and Mo-Mo ones 
inMOSi2. Harada et al. (1996) also found strong covalent interactions by deter- 
mining the overlap population (bond order) between Mo-Si and Si-Si atoms. The 
strength of the bonds in theMOSi2unit cell was calculated; significantly strong Si- 
Si covalent bonds were found only between atoms in the different B and C planes 
(see figure 5.8), while Si atoms on the C plane or Mo atoms on the Oplane were 
weakly bound. According to the same work, the strongest Mo-Si bonds seem to 
exist between atoms in planes C and D. It was suggested that molybdenum atoms 
in the A plane form bonds with Si atoms in plane B, but these bonds do not have 
the same strength as the ones between atoms in planes C and D. This suggestion 
is surprising since the proposed pairs of atoms are equidistant in the unit cell. In 
contrast, Andersen et al. (1995) reported that there are essentially no Si-Si bonds 
CHAPTER 5. MoSi2 and MoSi2 +A] alloying studies 206 
in MOSi2 and that Mo is bound stronger to the eight Si atoms that surround it, 
while Si seems to bind stronger to the Mo neighbour in the z-direction. There- 
fore, the Mo-Si bonds between atoms on planes A-B and C-D may be equivalent, 
while the Mo-Si bonds between atoms on the plane A and atoms on the plane C 
are weaker, as expected for second nearest neighbours. Waghmare et al. (1998, 
1999) have reported first-principles calculations of surface energies for cleavage 
in MOSi2, which show that bonding between (001) Si planes (B-C in figure 5.8) is 
weaker than that between (001) Mo and Si planes (A-B, C-D in figure 5.8). It was 
suggested that the Mo-Si bonds display a directional covalent character, while the 
Si-Si, Mo-Mo bonds are weak. The overall Auger parameter pattern of our work 
is not inconsistent with these descriptions. 
5.6 Auger parameter variations and charge transfer in 
MOSi2alloyed with Al 
As mentioned before, the microstructures of the first two ternary alloys (with 10 
and 22.6 at% Al) consisted mainly of a single ordered phase with the C40 struc- 
ture. One could argue that the measured Auger parameter variations refer mainly 
to the C40 structure, based on the assumption that XPS is an area integrating tech- 
nique. On introduction of Al into MOSi2. there is a small decrease in the AP of Mo 
(which becomes slightly negative) in the case Of MOSi2+10 at% Al, and a small in- 
crease in the case Of MOSi2 +22.6 at% Al. Both changes are within the experimental 
error limits. This result further supports the previous discussion that the screen- 
ing of the Mo-sites does not seem to be significantly affected by the presence of Si 
or Al atoms in its alloys. The Auger parameter of Si decreases marginally by an 
amount within the experimental error indicating that the addition of Al in MOSi2 
does not affect significantly the charge distribution around the Si atoms. 
The considerable decrease in the Auger parameter of Al between pure metal 
and compound implies a reduced screening efficiency at the Al sites of the ternary 
compounds. Assuming perfect metallic screening and applying the simple Tho- 
mas and Weightman model, a positive charge of around 0.2 of an electronic charge 
is predicted: the direction of such a charge transfer is consistent with the smaller 
electronegativity of Al (1.5 units in the Pauling scale). However, no correspond- 
ing Auger parameter shifts are observed on Mo or Si sites, and so the reduced 
screening may be due to a degree of imperfect screening, i. e. less efficient extra- 
atomic relaxation. This is in accord with the discussion on MOSi2- 
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5.7 Plasmon loss pattems 
A study of the changes in the position and intensity of the plasmons accompa- 
nying the Mo 2P3/2i Si ls and Al ls photoelectron peaks is also very helpful in 
understanding the electronic changes that occur in the atomic environment of 
each element upon alloying. It is known that the higher the plasmon intensity, 
the more "free" the valence electrons are in the solid (Egerton, 1996). In our case, 
the s-p type valence electrons of Al seem more strongly bound in the alloy than 
in the pure metal, possibly through hybridized bonds with the Mo valence elec- 
trons. This is the reason why the plasmon peaks are less intense in the alloy. 
Similar observations hold for Si. The smaller reduction of the Si plasmon com- 
pared to Al can be attributed to the fact that the valence electrons are less free 
electron like in elemental Si than those in elemental Al. On the contrary, the Mo 
valence electrons experience more freedom in the alloys containing Al, as shown 
by the increase in plasmon intensity. 
In both the binary and ternary compounds the plasmon satellites of the dif- 
ferent elements occur at approximately the same energy, implying that the losses 
are mainly extrinsic and not directly site related. In the case of Si and Al the plas- 
mon losses (at --21 eV) are significantly higher in energy than in the elemental 
solid. The plasmon energy is in the simplest approximation proportional to the 
square root of the density of "quasi free" electrons and this is consistent with an 
enhancement in the s-p valence electron density in the unit cellOf MOSi2. 
The experimentally determined value can be confirmed by calculating analyt- 
ically the plasmon energy. The electron density at the valence band0f MOSi2 is 
equal to the ratio of the valence electrons per unit cell over the volume of the unit 
cell: 
Nmýsj, = 
eval 
vm,, Siý 
There are 2 Mo and 4 Si atoms in each MOSi2 unit cell, therefore the number of 
valence electrons in it is equal to 28 (assuming 6 mobile valence electrons for Mo); 
the volume of the tetragonal unit cell is 80.4-10-3OM3. The valence electon density 
Of MOSi2 is therefore equal to 
NMCISi2= 3.48 . 1029M-3 (5.16) 
The plasmon energy is proportional to the square root of the valence electron 
density (Egerton, 1996): 
e2 
1/2 
w _(N, 60 M) 
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where e, Tn are tile electron charge and mass, and co is the dielectric constant. 
By referencing the calculated electron density to the pure metal valence electron 
density and multiplying with the pure metal plasmon energy (the values of which 
are available in tile literature), 
rN-. ,. -netal) wp(alloy) =Vý wp(7 Nlltctal 
a plasmon energy of 21.6 eV is obtained, in good agreerfient with the experimental 
result (table 5.2). 
5.8 Metallurgical implications of the Auger parame- 
ter for the temaryMOSi2+ Al alloys 
Metallurgical studies of the Mo-Si-Al ternary system have indicated that addi- 
don of Al to molybdenum disilicide leads to the formation of a compound with 
Al substituting for Si (see chapters 2 and 4). On the basis of the above discussion 
on atomic bonding in tetragonal MOSi2. Si positions are indeed preferable for Al 
in the MOSi2 lattice, because they are energetically more favourable. Each Mo 
atom forms ten strong Mo-Si bonds, while each Si atom forms five strong Mo-Si 
bonds and 5 weaker Si-Si bonds. It is therefore easier for the Al atoms to re- 
place Si atoms, as the combination of bonds with the neighbouring atoms is more 
favourable. Since Al is not a transition metal, the replacement of Mo in the lattice 
Of MOSi2 by Al atoms is discouraged by the different valence configurations of 
the two atoms. 
A structure map published by Harada et al. (1997) for compounds of the type 
MSi2 locates the C11b-type region in a high bond order region, adjacent to the 
C40-type region (figure 5.9). This is in agreement with the fact that MOSi2 has 
been found to crystallize with the C40 structure under non-equilibrium condi- 
tions, and that alloying elements like Al or Nb stabilise the C40 structure. As 
discussed in chapter 2, when the Al content in Cllb-MO(Si, AI)2 exceeds ; ý--3 at%, 
the structure of Mo(Si, AI)2 becomes hexagonal C40. Given the close-packed ar- 
rangement of the C11b structure and the fact that Al has a larger atomic size than 
Si, the introduction of the former into the MOSi2 unit cell at an atomic fraction 
over 3% leads to the creation of stacking faults and the formation of C40 (Inui 
et al., 1998). Ilic substitution of Si by Al in this new structure (C40) has also been 
considered using the variation of its lattice parameters with Al content (Stergiou, 
1996). Increasing the Al content in C40-Mo(Si, AI)2 causes the lattice parameter a 
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Figun- 5.9: Stnicture map f or MSi2 compounds (1-farada et al., 1997). 
to increase, while c remains relatively constant. This shows that Al first occupies 
the Si positions oil the CI 11, ( 110) planes (in agreement with the embedded atom 
argument mentioned previously), which are equivalent to the C40 f 0001) close 
packed planes, causingan expansion of the lattice in the horizontal direction (fig- 
ure 5.10a, b). This continues until the plane is filled with Mo and Al atoms and 
the next planes start receiving Al atoms, causing a small increase in the c-latfice 
parameter. 
-lbis picture is consistent with the Auger parameter changes found in the 
present study `lbe covalent bonding of Si to Mo leads to a better screening en- 
vin)nment for the Si sites. In Mo sites the local electronic configuration is 4d'5s, 
so that in the presence of a core hole the screening electron can occupy an empty 
state in the d-band. Auger parameter studies of Cu (Moulder et al., 1992) suggest 
that such d-screening tends to be insensitive to the environment provided that 
empty d-states are available. 'Ibis appears to be the case here where very similar 
Auger parameters are found for Mo in Mo metal, MOSi2 and ternary Mo(Si, AI)2- 
Al on Si sites will bond strongIV to Mo and the reduced Auger parameter rela- 
tive to the "quasi" free electron environment in Al metal is consistent with this, 
although charge transfer may play some part in determining the shift. 
5.9 Conclusions 
I figh energy X-ray photoelectron spectroscopy was used to measure the Auger 
parameters of Mo, Si and Al in the binaryMOSi2 and ternaryMOSi2+Al com- 
pounds. The charge transfer was calculated using theThomas and Weightman 
model. The variations of the Auger parameters and the results of subsequent 
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charge transfer calculations in MoSi2 indicated a charge transfer at the Si sites 
very close to zero; this means that Mo and Si bond covalently, in agreement with I 
previous theoretical predictions from ab-initio calculations. On introduction of 
Al into the compound there is a minor charge transfer away from the A] sites 
which bond strongly with Mo. This Auger parameter and charge transfer study 
is consistent with the silicon substitution by aluminium in the f 1101 close packed 
planes and the crystal structure modification from tetragonal C11b to hexagonal 
C40. 
Chapter 6 
Studies of the oxidation behaviour of 
Mo-Si-Al alloys 
6.1 Introduction 
This chapter presents the results of isothermal oxidation and oxide scale studies 
that were performed on Mo-Si-Al intermetallics in order to determine their oxi- 
dation behaviour. The alloys studied include the five alloys presented in chapter 
4, as well as two alloys in the Mo(Si, AI)2 line of the Mo-Si-Al system, containing 
5 and 40 at% Al. The following oxidation temperatures were used: 
5001C (773 K). This is the "classic" pest oxidation temperature Of MOSi2- 
The occurrence of this phenomenon on multiphase alloys containing the 
pest-resistant C40 and C54 phases (see section 2.6.2, page 63) was studied, 
as well as the susceptibility Of M03AI8 to pesting. 
* 800'C (1073 K). This is the reported pest temperature Of MO5Si3 (see section 
2.6.2, page 66). 
950'C (1223 K). The intermediate-temperature oxidation resistance of moly- 
bdenum silicides and aluminides was determined. 
14000C (1673 K). The high-temperature oxidation resistance of Mo-Si-Al al- 
loys is of crucial importance, since they are targeted for high-temperature 
applications. 
After presentation of the experimental results, the thermodynamics, kinetics and 
mechanisms of oxidation for all these temperatures will be considered. The com- 
211 
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parative behaviour of Mo-Si-Al intermetallics will also be discussed using an ox- 
idation map. 
6.2 Results of isothermal oxidation studies 
The results of isothermal oxidation at 5001C (773 K) for alloys 1 to 5 are pre- 
sented in figure 6.1, as plots of weight gain/loss versus time. Similar plots, de- 
scribing the oxidation of the Mo(Si, AI)2 alloys at 5001C, are given in figure 6.2. 
For comparison purposes, the oxidation curves Of MOSi2, MOSi2+22.6 at% Al and 
MOSi2+30 at% Al (reported by Stergiou et al. (1997)), are included in the above 
diagrams. Alloys 1 and 5 both underwent pest oxidation, with alloy 1 oxidiz- 
ing much more rapidly, and alloy 5 more slowly, than MOSi2. After 170 hours 
both alloys had disintegrated to a dark grey-coloured powder (figure 6.3). No 
incubation period was observed for alloy 1, which oxidized immediately. On the 
contrary, alloy 5 exhibited a plateau of 30 hours after the initial weight increase, 
followed by an approximately linear weight gain. Alloys 2,3 and 4 did not pest 
and displayed a small overall weight gain which never exceeded 2 mg/cm'. Al- 
loy 2 exhibited an increase in weight within the first 10 hours, but then stabilized 
and showed no further oxidation. A black oxide was found on it after the end of 
the experiment. Alloy 3 behaved similarly for the first 60 hours, after which there 
was a minor oscillation in the weight change. The oxide that formed had a blue- 
black colour. Alloy 4 gained the smallest amount of weight, and was covered 
with a grey-coloured oxide. In the case of the two Mo(Si, AI)2 alloys, a limited 
increase of weight was recorded, indicative of the formation of a thin protective 
layer and suppression of pest oxidation. This layer was found after the end of the 
experiment to have a black colour. 
Oxidation at 800'C (1073 K) gave the results shown in figures 6.4 and 6.5. 
Small weight gain was shown by alloy 1, with a reduction almost to zero later. 
A light grey oxide formed on the specimen. Massive M003 evaporation during 
the oxidation of alloy 2 led to a rapid weight loss; this loss was linear in the 
beginning, but its rate decreased slowly in the later stages .A similar behaviour 
was exhibited by alloy 3, in which the linear loss period was shorter and the 
overall weight loss was less than alloy 2. Even less weight loss occurred during 
the oxidation of alloy 4. In all these cases, a white or grey-white oxide layer was 
evident on the alloys. When alloys 5 and MOSi2+5 at% Al were oxidized at this 
temperature, a minimal variation in their weight was recorded with a slight loss. 
No severe weight variation was detected in the case of the MOSi2+40 at% Al alloy. 
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A black-coloured oxide scale formed on all the last three alloys. 
Figures 6.6 and 6.7 present the oxidation behaviour of the alloys at 9501C (1223 
K). Accelerated oxidation accompanied by massiveM003 loss was recorded for 
alloy 3. Alloy 2 lost weight at an increasingly higher rate as time progressed. 
Alloy 5 also lost weight, but the oxidation rate progressively decreased, and 
dropped to zero after approximately 80 hours. At this point the specimen had 
oxidized completely, therefore the experiment was stopped before the 170 hours. 
In the case of alloy 4, weight loss commenced after 7 hours and linear kinetics 
were followed, with the exception of two intervals where it became slower (sin-d- 
lar but less pronounced intervals are also present in the curve of alloy 3). During 
the first 7 hours the alloy gained weight in a parabolic way. The transition from 
the first period to the second was very dramatic and within 10 hours the alloy lost 
six times the weight in had gained in the first 7 hours. Alloy 1 showed no severe 
oxidation. The behaviour of the Mo(Si, AI)2aHoys was similar to the one observed 
at 800'C: the alloy containing 40 at% Al hardly gained any weight, while the alloy 
containing 5 at% Al lost a very small amount of weight. A black and a dark grey 
oxide layer formed on the surface of these alloys, respectively. Most of the layer 
on alloy 4 was black, but on the outer surface, layers or blobs of a white oxide 
could also be distinguished. On alloys 2,3 and 5 white oxide scales were found, 
while on alloy 1 the colour of the scale was grey. 
Even more massive and fast was the oxidative mass loss for alloys 3 and 2 at 
1400'C (1673 K- figure 6.8). Alloy 3 lost more than 95% of its total weight within 
three hours, while for alloy 2 this happened within six hours. No remaining alloy 
was found after the end of both experiments, only a loosely bonded white oxide, 
which could easily be broken to pieces. All the other alloys underwent mainly 
parabolic mass gain. The most striking behaviour was that of alloy 1, whose curve 
also included three sudden weight drops. This was the only one of the protective 
scale-forming alloys that exhibited worse oxidation behaviour thanMOSi2. All 
the other alloys (4,5, MOSi2 +5,40 at% Al) displayed clearly slower reaction rates 
and gained less weight thanMOSi2 (figures 6.8,6-9). Light grey oxide scales were 
observed on the surface of the specimens after 170 hours. 
6.3 Kinetic analysis of oxidation 
In principle, when a solid metal is attacked by oxygen gas, the product of the re- 
action is the metal oxide, which, if it is not volatile, builds up as a surface layer on 
the metal; this layer can be either protective or non-protective. A protective oxide 
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Figure 63: Photographs of a specimen of alloy 1 (a) before and (b) after isothermal 
oxidation in air at 5001C for 170 hours (pest oxidation). 
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I 
10.00 
0.00 
-10.00 CA 
-20.00 
-30.00 
-40.00 u 
-50.00 
-60-00 
t1a 5.00 
0.00 
CA 
< 
-5.00 
-10.00 
-15.00 
MoSi2 
0 Alloy I 
* Alloy 2 
-*- Alloy 3 
-0- Alloy 4 
--a- Alloy 5 
Figure 6.4: Isothermal oxidation data for alloys 1,2,3,4 and 5 at 8001C for 170 
hours (the bottom plot shows the same data with a smaller y-axis scale). 
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Oxidation at 950C (1223K) I 
10.00 
-10.00 
-30-00 
CA -50.00 < 
-70.00 u 
-90.00 
110.00 
u 
-130-00 
-150.00 
-170.00 
0 
MoSi2 
Alloy 
Alloy 2 
Alloy 3 
--*- Afloy 4 
-w- Afloy 5 
Figure 6.6: Isothennal oxidation data for alloys 1,2,3,4 and 5 at 950'C for 170 
hours. 
0 20 40 60 80 100 120 140 160 180 
Time (hours) 
20 40 60 80 100 120 140 160 180 
Time (hours) 
CHAPTER 6: Studies of the oxidation behaviour of Mo-Si-Al allows 218 
Oxidation at 950C (1223K)- 
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Figure 6.7: Isothermal oxidation data for alloysMOSi2+5 at% Al andMOSi2+40 
at, Y,, Al at 950'C for 170 hours. 
layer forms a continuous barrier between the reactants (oxygen and metal), which 
inhibits the reaction. Diffusion of the reactants through the scale is controlling its 
growth, and the simplest assumption that can be made about the effectiveness of 
this barrier is that its protecting power is directly proportional to its mass. The 
parabolic law can therefore be described mathematically as 
drrtox kp 
A- dt (in., /A) 
where kp is the parabolic rate constant (in g2CM-4 sec'), t is the oxidation time, 
A is the surface area and m, - is the mass of the oxide. A non-protective layer on 
the other hand, does not inhibit the continued access of oxygen to the unchanged 
metal; the rate of growth of such an oxide scale is independent of its mass, and 
the law of growth is dm,,,, /(A dt) = ki. On integration this gives the linear law 
Tri "= ki t (6.2) A 
where k, is the linear rate constant (in g cm-' sec-'). The general description of 
oxide layer growth is given by the expression 
rnox n 
A)=kt (6.3) 
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Oxidation at 1400 C (1673 K) for 170 hours in air 
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Figure 6.8: Isothermal oxidation data for alloys 1,2,3,4 and 5 at 14000C for 170 
hours (the bottom plot shows the same data with a smaller x-axis and bigger 
y-axis scale). 
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Figure 6.9: Isothermal oxidation data for alloysMOSi2+5 at'Y,, Al andMOSi2+40 
at'Y,, Al at 14001C for 170 hours. 
where k is the general rate constant (in gnCM-2nsec-) and n is a constant called 
the "oxidation exponent". In the case of linear and parabolic oxidation n is equal 
to I and 2 respectively. 
If the metal forms a volatile oxide, then its evaporation is a linear time depen- 
dent process, which is described by 
d, rrt,, 
- k, (6.4) A- dt 
where k, is the evaporation rate constant (in g cm-2 sec'), strongly dependent 
on the oxygen pressure. Integration of equation 6.4 leads to the expression for the 
loss of material by evaporation 
Am 
k, (6.5) 
All studies of the isothermal oxidation of Mo-Si-Al alloys have shown (section 
2.6) that it is a complex phenomenon, during which three main reactions occur: 
aluminium and silicon react with oxygen to form the stable oxides A1203 and 
Si02, while molybdenum forms mainly the volatile oxideM003. Furthermore, 
formation of other Mo-oxides, as well as mixed oxides (such as mullite and alu- 
minium molybdate) have been observed. This complexity makes the description 
0 20 40 60 80 100 120 140 160 180 
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of the oxidation kinetics very difficult. In some studies (Kodash et al., 1990, Nfi- 
tra et al., 1997, Mitra and Rama Rao, 1999) the parabolic growth law was used to 
describe the high-temperature oxidation0f MOSi2and Mo(Si, AI)2. No account of 
possible Mo-oxide evaporation was thus taken, and it was assumed that at these 
temperatures it does not occur. Additionally, oxidation rate constants have been 
reported at lower temperatures only in the study of Kodash et al. (1990). 
In the present work, an attempt was made to address these matters. A model 
proposed by Grabke and Brumm (1989) and used to study the oxidation of CrSi2, 
was employed for this purpose. According to this model, the total mass change 
(per unit area) that is observed in the thermobalance during isothermal oxida- 
tion in air, is the result of two opposing processes, i. e. growth of a stable oxide 
layer and evaporation of volatile oxides. Assuming that the former follows the 
parabolic law and the latter the linear, it can be written 
Am 
'-`- Wtotag - 
AMoxide 
- k, t (6.6) A) total A 
On the other hand, the growth of the oxide layer can be described by the equation 
AMoxide 
- 
kp 
- k, (6.7) A- dt (Moxide1A) 
which gives the simultaneous parabolic growth and linear evaporation. Insertion 
of equation 6.6 into equation 6.7 gives the following expression 
d(Wt, t, ýj + k, t) = 
k-P 
- k, (6.8) dt Wtotal + k,, t 
which after differentiation yields 
dWtti 
- 
kp 
- 2k, (6.9) dt Wtti + k, t 
The last equation can be used in order to evaluate the constants kp and k,, from 
the experimental results presented in figures 6.1-6.9. The actual evaluation was 
done by plotting the dWt,, t,, Ildt term versus time both for the experimental curve 
and for the model curve, and then fitting the two curves by varying the unknown 
constants. Some examples of this are given in figures 6.10,6.11 and 6.12, while 
the calculated values of kp and k, are presented in tables 6.1 and 6.2 respectively. 
In the cases where it was proved impossible to achieve fitting of the curves no 
values are given. The isothermal oxidation results reported by Stergiou (1996) for 
the binary MOSi2 and two ternary Mo(Si, AI)2 alloys containing 22.6 and 30 at% 
Al were also used, in order to obtain the variation of oxidation rates across the 
Mo(Si, AI)2 line in the Mo-Si-AI alloy system. 
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Figure 6.10: Calculation of the parabolic and the evaporation rate constants using 
the Grabke and Brumm model. Comparative graphs are shown where the used 
growth model is fitted to the experimental results for alloys 2 (14001C) and 3 
(8001C). 
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Figure 6.11: Calculation of the parabolic and the evaporation rate constants using 
the Grabke and Brumm model. Comparative graphs are shown where the used 
growth model is fitted to the experimental results for alloysMOSi2 +5 at'Yo Al 
(14001C) andMOSi2+ 40 atY,, Al (8000C). 
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Figure 6.12: Calculation of the parabolic and the evaporation rate constants us- 
ing the Grabke and Brumm model. Comparative graphs are shown where the 
used growth model is fitted to the experimental results for alloys 5 (8001C) and 4 
(9501C). 
CHAPTER 6: Studies of the oxidation behaviour of Mo-Si-Al alloys 225 
Table 6.1 also presents (in bold font) the parabolic rate constants and the oxi- 
dation exponents that were obtained by applying the classic model of oxide scale 
growth on the experimental mass variation curves. By taking logarithms, equa- 
tion 6.3 can be written as 
log w=1 log t+I log k (6.10) 
nn 
from which n can be determined as the inverse slope of the plot showing the vari- 
ation of the logarithm of W with the logarithm of t. The parabolic rate constant 
kp is related to W by the relation 
W2 =kp t+C 
The slope of the plot showing the variation of W2 with t gives the value of kp. 
The values of n and k-p determined as described above are useful for oxida- 
tion at high temperatures, where parabolic growth occurs usually, and for which 
some values have been reported in the literature previously. The classic model 
did not give results in the cases where very low weight variation was recorded. 
Furthermore, wherever weight loss had occurred, the oxidation exponent and 
the parabolic rate constant were calculated by considering the negative values 
of mass change as positive. The physical meaning of this treatment lies in deter- 
mining the general kinetics with which oxidative loss happened; averaging of the 
two separate processes that actually take place (oxide build-up and oxide evap- 
oration) is inherent in such a treatment. Representative plots of the classic oxide 
growth model are given in figure 6.13. 
The most important conclusion regarding the application of the Grabke and 
Brumm. model in the experimental results of this study is that it does not describe 
the oxidation behaviour of the Mo-Si-Al alloys as well as it did for CrSi2 - In some 
cases no oxide growth and oxide evaporation rate constants could be determined, 
because it was impossible to fit the experimental with the model curve (eg. fig- 
ure 6.12). In many other cases the fit of the two curves was very moderate, and 
only in a few of them could a proper fit be achieved. It is worth noting that a 
perfect fit, as in the case of CrSi2, was never obtained. This fact demonstrates that 
the assumptions used in the model to describe the phenomena occurring during 
oxidation (parabolic growth of an oxide scale, linear evaporation of one of the 
oxides) are not entirely valid for the alloys under investigation in this study, and 
that large deviations from them exist in reality. However, the calculated values of 
the parabolic and the evaporation rate constants can serve as a good indication 
of the relative oxidation behaviour of alloys in the Mo-Si-Al system at various 
temperatures. 
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Mo(Si, AI)2alloys 
The data in tables 6.1 and 6.2 reveal that the biggest problems were encountered 
at the low- and intermediate-temperature oxidation0f MOSi2 and its ternary al- 
loys with Al, where no values of kp and k, could be calculated for a third of the 
oxidation experiments. Poor fit was obtained for the rest of the experiments (fig- 
ure 6.11). It appears that the evaporation of Mo-oxide occurring at these temper- 
atures is not linear with time, but slower. Furthermore, growth of the passivating 
oxide scale does not seem to follow parabolic kinetics. Such a conclusion is fur- 
ther supported by the inability of the classic oxide growth model to describe the 
oxidation kinetics of these alloys at the temperatures of 500,800 and 950'C (see 
table 6.1). The only exception from this rule was the pest oxidation rateOf MOSi2. 
which was found to be faster (n=0.735) than the linear law, and which was also 
higher than the high-temperature oxidation rate of the compound. 
Calculation of the oxidation exponents of the same alloys for oxidation at 
14000C showed that the parabolic law was not obeyed precisely, with the overall 
kinetics being somewhat slower. The oxidation of the alloy containing 40 at% Al 
was the one closest to the value of 2, while the alloy containing 30 at% Al was the 
one deviating most from parabolic behaviour. The parabolic rate constants of the 
Al-alloyedMOSi2were lower than that of the binaryMOSi2in all cases, except for 
the alloy with 22.6 at% Al. 
Compared to the oxidation rates reported in the literature for various molyb- 
denum aluminosilicides (see table 6.3 for a summary), the rates observed in this 
study are notably higher by a factor of 10' to 10'. The values of kp reported by Mi- 
tra and Rama Rao (1999) and Melsheimer et al. (1997) for the oxidation Of MOSi2 
at 1200'C, are four orders of magnitude smaller than the one calculated in the 
present study using the results of Stergiou (1996). Even short term oxidation ex- 
periments, performed by Kodash et al. (1990) at the higher temperatures of 1500, 
1600 and 1700'C, revealed slower oxidation kinetics than in the present study. 
Such differences are too large to be accounted for by the different oxidation tem- 
peratures. The reasons behind them are more likely to be related to the different 
processing routes used for the production of the alloys, and hence the differences 
in their microstructure (grain size, porosity, distribution of phases), surface mor- 
phology and impurity level (for example all the previous studies were performed 
on PM-processed alloys, in contrast to the clean melt and cast alloys of this work). 
Melsheimer et al. (1997) recently claimed that evaporation of Mo-oxide occurs 
even at the high-temperature regime, via transport of MO+4 ions (MO02) through 
the oxide layer and reaction with oxygen at the oxide/gas surface to form M003 
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Table 6.3: Values reported in the literature for the parabolic rate constant kp of 
oxide scale growth on MOSi2 and Al-alloyed MOSi2 (XJO-12 9 2CM-4 sec-1). 
ALLOYS TEMPERATURE (OC) 
570 625 1100 11200 1 1500 1600 1700 
Kodash et al. (1990) 
MOSi2+13.3at% Al - - 0.0076 0.0381 0.2095 
MOSi2+23.3at% Al 0.00478 0.01278 - - - 
Melsheimer et al. (1997) 
MOSi2 - 
1 0.022 10.047 1 -I - - 
Mitra and Rama Rao (1999) 
MOSi2 - - 0.023 - - 
MOSi2+2.8at% Al - - 2.67 - - 
MOSi2+5.5at% Al - - 1.30 - - 
MOSi2+9. Oat% Al - -1 1.90 1 -I - 
(see also section 2.6.2). By using the Grabke and Brumm model on the results 
of this study, obtained from oxidation experiments at 14000C, reasonably good 
fits were obtained (figure 6.11). Comparison of the evaporation rate constants of 
the MOSi2,, MOSi2 + 22.6 and 30 at% Al alloys (where slow weight gain occurred) 
with those of alloys 2 and 3 (where massive weight loss occurred) suggests that 
the former constants are probably overestimated. This was not the case for the 
MOSi2 +5 and 40 at% Al alloys. The parabolic rate constants evaluated with the 
Grabke and Brumm. model are of the same order of magnitude as those given 
by the classical treatment, but their values are always higher. These observations 
lead to the conclusion that, despite its ability to describe the kinetics of oxide 
growth approximately (qualitatively rather than quantitatively), the Grabke and 
Brumm. model completely fails in estimating the kinetics of oxide evaporation. 
An explanation could be that, even if a Mo-oxide evaporation process does in- 
deed take place as Melsheimer et al. suggested (their suggestion has not been 
confirmed by any other study of the high-temperature oxidation Of MOSi2). Most 
likely it does not follow a linear law: the transport of Mo+' ions towards the ox- 
ide/gas surface is a process controlled by diffusion via a compact oxide, hence it 
probably follows a parabolic- rather than a linear-type law. If, on the other hand, 
there exists no evaporation of molybdenum oxide during the high temperature 
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oxidation0f MOSi2 and its alloys, then the failure of the model is expected. 
Multiphase alloys (1 to 5) 
The oxidation exponents of alloy 1 at 5001C (pesting) and 1400'C were equal 
to 0.945 and 2.105 respectively (see table 6-1). This means that the linear law 
was closely obeyed during pest oxidation, while approximately parabolic kinet- 
ics were followed during high-temperature oxidation of alloy 1. The oxidation 
rates at the two temperatures were almost equal, and significantly higher than 
those0f MOSi2. The pest oxidation of alloy 5, on the contrary, displayed much 
slower rates and was far from being linear with time (n=1.404). At 14001C, al- 
loy 4 followed exactly the parabolic law (n=1.99), while the average kinetics of 
the massive oxidative weight loss observed in alloy 3 had a linear dependence 
on time. This was not the case for the weight loss exhibited by alloy 2, which 
occurred at a much slower rate. 
No values of kp and 4 could be obtained from the Grabke and Brumm model 
for the pest oxidation of both alloys 1 and 5. These were the only cases of com- 
plete failure of the model for this group of alloys. At the same temperature 
(5001Q, the value of kp corresponding to the oxidation of alloy 3 appears to be 
too high, given the fact that its weight gain was of the same level as that of alloy 
2, and that only a thin oxide film (unobservable in the SEM) formed on the alloy. 
A good fit of the experimental with the model curve was obtained for alloy 3 at 
8000C (figure 6.10). The evaporation rate constant k,, of alloy 2 at this temper- 
ature was found to be the highest among alloys 1 to 5, while the overall trend 
(k,, (2) > k,, (3) > k, (4) > k,, (5) > k, (j)) corresponded very well to the relative weight 
loss of the alloys exhibited in the comparative isothermal oxidation graphs. Re- 
garding the oxidation at 9501C, alloy 3 exhibited the worst behaviour, as revealed 
by its significantly (one order of magnitude) higher evaporation and parabolic 
growth rate constants relative to the other alloys. The very small weight varia- 
tion of alloy I is also reflected in its low values of kp and k". Similarly, the relative 
oxidation behaviour of alloys 2 and 5 is well described by the calculated rate con- 
stants. In the case of alloy 4, however, k,, was found to be lower than for alloys 
2 and 5. The poor fit of the Grabke and Brumm model (figure 6.12) shows that it 
cannot account for the complicated kinetics involved in this case (see figure 6.6). 
Satisfactory agreement between the experimental and the model curves was 
obtained for the oxidation of alloy 2 at 14001C (figure 6.10). Although the parabo- 
lic growth rate of this alloy was found to be much higher than the one at 9500C, 
the evaporation rate was surprisingly lower. This was also the case for alloy 3. 
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Table 6.4: Average linear rate constants ki (in g CM-2sec-') for the oxidation of 
alloys 2,3,4 and 5. The negative sign indicates weight loss. 
ALLOYS 
& MICROSTRUCTURES 
800'(C 
j , 073 (1073 K) 
] 950, C 
(1223 K) 
1400'C 
(1673 K) 
Alloy 2 T1 + A15 + M03AI8 -8.56.10-8 -2.75.10-7 
-1.28-10-6 
-1.40.10-6 
Alloy 3 A15 + T1 + M03AI8 -6.05-10-8 -2.03-10-6 -3.39-10-5 
Alloy 4 T1 + M03AI8 + A15 -2.18-10-8 -1.41.10-6 
Alloy 51 M03AI8 + T1 + C54 1 -1.97-10-9 1 -3-72-10-7 
Since one would have normally expected the opposite result (more weight was 
lost in less time), it can be concluded that the kinetics described by the model do 
not correspond to the ones exhibited by these two alloys. A problem also exists 
in alloy 1, for which the evaporation rate constant appears almost equal to that 
of alloy 2. Comparing the results of the two different models for this group of 
alloys, one can see that large differences exist in the estimated parabolic growth 
rates, with the classic oxide growth model giving much higher values than the 
Grabke and Brumm one. It should be noted that the opposite observation was 
made in the alloys Of MOSi2 with Al. 
The mass loss that occurred when alloys 2,3,4 and 5 were oxidized at 800 and 
9500C, as well as when alloys 2 and 3 were oxidized at 14000C, was finally eval- 
uated using the linear rate law as described by equation 6.2. The average linear 
rate constants are presented in table 6.4, where the negative sign indicates the loss 
of weight. This was done in order to compare the oxidation rates observed in this 
study with the oxidation rates Of MOZiSi3, derived by Meyer and Akinc (1996b) in 
the same way. Their results are presented in table 6.5 and correspond to the tem- 
perature range 800-12000C. It can be seen that the multiphase alloys investigated 
in the present study all oxidize faster than single-phase Mo5Si3 at temperatures 
below 10000C. Above this temperature, the trend is reversed with the oxidation 
Of MO5Si3 occurring at much higher rates than alloys 2 to 5. 
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Table 6.5: Average linear rate constants k, (in g cm-'sec-1) reported by Meyer 
and Akinc (1996b) for the oxidation0f M05 Si3 - The negative sign indicates weight 
loss. 
Temperature (IC) Average rate constant Run time (h) 
800 Pest 35 
900 -3.33-10-' 80 
1000 -2.00-10-9 80 
1100 -8.06-10-6 8 
1200 -3.61.10-4 3 
6.4 Results of DSC studies 
The results of differential scanning calorimetry performed in air and under flow- 
ing argon for all alloys are presented in figures 6.14-6.18. Both the energy flow 
(named DSC) and the mass change (named TGA) curves are plotted for the exper- 
iments conducted in air, while for the experiments conducted under argon only 
the energy flow is plotted. 
A common feature of all the DSC traces recorded in air was the sudden raise 
that occurred at temperatures around 12001C. This raise did not appear at the 
same temperature for all alloys, and its presence marked the onset of significant 
high-temperature oxidation. A similar observation holds for the TGA curves, 
which in all cases contained a main broad peak at the intermediate-temperature 
regime. Following this peak, a mass loss started, which continued into the high- 
temperature regime. This mass loss, which is attributed to M003 evaporation, 
was not significant in the case of the Mo(Si, AI)2 alloys and alloy 1 (see figures 
6.14a and 6.17), but it became much more severe at alloys 2,3,4 and 5 (see fig- 
ures 6.14b, 6.15 and 6.16a). In alloys 1 and 2 the evaporation Of M003 started at 
around 800'C, and for the rest of the alloys between 9001 and 10001C. These re- 
sults suggest that M003 is not volatile at 5001C. Table 6.6 summarizes the above 
information. 
No peak existed at 5001C in all the DSC traces, despite the fact that pest oxida- 
tion was observed in alloys 1 and 5. Alloys 2,3 and 4 exhibited a broad exother- 
mic peak at around 800'C (figures 6.14b and 6.15), where the isothermal exper- 
iments revealed the occurrence of severe oxidation. No such peak was found 
in alloys 1 and 5, in accordance with the results of isothermal oxidation which 
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showed minimal weight changes. A common feature observed in all the traces 
was an increase in the baseline after each oxidation peak. This is an expected 
effect that results from the changes in the sample's thermochemical properties 
induced by the production of oxides. 
In the DSC trace of theMOSi2+ 5 at% Al two peaks were present (figure 6.17a). 
The first one (878'C) was accompanied by a decrease in the TGA curve, the latter 
starting a few degrees higher than the DSC peak. It is possible that this peak 
corresponds to a reaction between the Al and Mo oxides, giving the aluminium 
molybdate compound A12(MO04)3. The mass loss evident in the TGA curve could 
be due to subsequent decomposition of this compound oxide and evaporation of 
M003. A similar peak was observed by Kodash et al. (1990) at 8500C, in the case 
Of MOSi2+ 24 at% Al. Stergiou et al. (1997), on the other hand, did not find such 
a peak inMOSi2 alloys with 22.6 and 30 at% Al. The DSC trace of theMOSi2+40 
at% Al alloy (figure 6.17b) did not contain it either. This would suggest that the 
aforementioned reaction does not always occur. In contrast, another compound 
oxide formation reaction, that of mullite (M1203-M02), always seems to have 
occurred. In the present study, the alloys with 5 and 40 at% Al displayed this 
exothermic peak at 956 and 9091C respectively. Mullite forms from the silica and 
the alumina present in the oxide layer, and has also been observed in the studies 
of Kodash et al. (1990) and Stergiou et al. (1997). 
Two weak peaks appeared in the DSC trace of alloy 1 (see figure 6.14a). The 
reactions that most likely gave rise to them are formation of mullite (9091C) and 
divitrificationOf Si02 (7521C). This latter transformation was also present in alloy 
3 (indicated by a sharp exothermic Peak at 6790C, figure 6.15a), and in alloyMOSi2 
+ 40 at% Al (indicated by a sharp exothermic peak at 7411C, figure 6.17b). The 
DSC trace of alloy 4 (figure 6.15b) includes oxidation reaction peaks at 800 and 
9500C, along with a third peak at 914'C, resulting from the formation of mullite. 
Finally, in alloy 5a major sharp peak at 9311C could be seen, superimposed on 
a broader one existing at a slightly higher temperature (figure 6.16a). The sharp 
peak corresponds to the reaction of mullite, while the broad peak indicates the 
presence of appreciable oxidation, as indeed was found to be the case during 
isothermal oxidation at 9501C. Table 6.7 summarizes the temperatures at which 
exothermic peaks appeared in the DSC curves of all the alloys. 
No strong peaks were present in the DSC traces taken under argon. No phase 
transformations or reactions therefore occurred in the alloys over the temperature 
range examined, and oxidation of the samples was minimal (for example see the 
traces in figures 6.16b and 6.18). 
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Table 6.6: DSC-determined temperatures at which (a) the TGA peak appears and 
mass loss starts, and (b) high-temperature oxidation commences. 
ALLOY TGA curve peak 
(OC) 
High-temperature 
oxidation onset (OC) 
Alloy 1 768 1100 
Alloy 2 849 1096 
Alloy 3 927 1287 
Alloy 4 924 1300 
Alloy 51 978 1257 
MOSi2+5 at% Al 894 1214 
MOSi2+40 at% Al 940 1220 
Table 6.7: Temperatures of exothermic peaks in the DSC curves of the alloys stud- 
ied in air. 
ALLOY TEMPERATURE ('C) 
Alloy 1 752 
909 
Alloy 2 775 
Alloy 3 679 
782 
Alloy 4 805 
914 
944 
Alloy 5 931 
MOSi2+5 at% Al 878 
956 
MO i2+ at% Al 741 
909 
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6.5 Thermodynamic aspects of oxidation 
According to thermodynamics, the criteria for the formation of a particular oxide 
on a pure metal or alloy are (a) the free energy of formation of different oxides 
from pure elements, (b) the availability of sufficient concentration or activity of 
the oxide-forming element at the gas-alloy or oxide-alloy interface, and (c) the 
equilibrium oxygen partial pressure required for driving the oxidizing reaction 
at the value of activity of the element. 
Figure 6.19 presents an Ellingham diagram of the free energies of formation 
(AGI) of the most common oxides that can form on intermetallic alloys. This T 
diagram shows that A1203 and Si02 have a high stability with respect to most 
other oxides, including those of molybdenum. In addition, A1203 has a lower 
free energy of formation compared to Si02 at all temperatures, which means that 
its formation is preferred to that Of Si02. The formation of the oxide of a partic- 
ular element, however, besides the availability of the element at the gas-alloy or 
oxide-alloy interface, requires that the partial pressure of oxygen in contact with 
the alloy exceeds the equilibrium pressure necessary for the oxidizing reaction to 
occur at that value of element activity. Estimates of how the equilibrium oxygen 
partial pressure varies with the alloy concentration of an element are therefore 
0 200 400 600 8oo 1000 1200 1400 i6oo 
CHAPTER 6: Studies of the oxidation behaviour of Mo-Si-Al alloys 241 
0 
uj 
-j 
0 
LU 
z 
uj 
LLI 
LU 
9= 
LL 
z 
Ln 
NiO 
M002 
NbO 
Si02 
TiO 
Zr02 
A1203 BeO 
so 
100 
-150 
-200 
-250 
600 goo 1000 1200 1400 1600 
TEMPERATURE (*C) 
Figure 6.19: Ellingham diagram of thermodynamic stabilities (Meier and Petit, 
1992). 
very helpful in predicting which oxide is thermodynamically favoured to form 
on an alloy. Such diagrams can be calculated if the activity variation of the metals 
in the alloy system under consideration is known (Rahmel and Spencer, 1991). 
In the case of Mo-Si-Al alloys, the oxides that are most likely to form are alu- 
mina, silica, molybdenum trioxide and mullite. The formation of A1203 takes 
place according to the reaction 
2A1 +3 02 -4 
A1203 
2 
for whicli the equilibrium constant is 
KA1203 
- 
aA1203 
_ 2. p3/2 aAl 02 
(6.12) 
For the following calculations of the equilibrium pressures of Al/A1203, Si/SiO2, 
MO/MO03 and AI, Si/3AI203- 2SiO2 across the binary systems Mo-Si-and Mo-Al, 
as well as across sections of the ternary Mo-Si-AI system at constant Mo con- 
centrations, the assumption was made that the oxides exist as pure oxides, i. e. 
aA1203 = C'Si02 = am,, o., = a3A1203-2SiO2 It then follows from equation 6.12 
that 
109P02 2 10911CA1201 -4 logaAl (6.13) 33 
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In an analogous manner for the reaction 
Si + 02 -+ Si02 
with 
'fSi02 
-"ý asj02 (6.14) 
aSi ' P02 
it follows that 
109P02 
= -1091<'Si02 - 
109aSi (6.15) 
The formation Of M003 is described by the reaction 
Mo +3 02 -4 M003 2 
with the equilibrium constant 
amo03 (6.16) 
am,, 
3/2 
- 
P62 
Therefore, it can be written 
logpo 22 logKmo3- 
2 
logam,, (6.17) 
33 
Finally, mullite formation is given by the reaction 
6A1 + 2Si + 
13 02 
-+ 
A16Si2013 
2 
which has the following equilibrium constant 
1ý"Ali; Si2013 
aAl(; Si20l3 
(6.18) 
2 13/2 a6l -a P62 A Si ' 
From this it follows that 
10 2 12 (6.19) 9p02 10-qR - AI6Si2013 - j-3 109aAl - j-3 109aSi 13 13 
The data required in order to calculate logPO, using equations 6.13,6.15,6.17 and 
6.19 are the equilibrium reaction constants K and the activities of the elements. 
The constants K of the oxide formation reactions are given in table 6.8, for the 
four oxidation temperatures used in the present work. Using the thermodynamic 
database of the Mo-Si-Al system developed at the University of Surrey by Liu 
et al. (2000), the activities of Mo, Si and Al were calculated at 500', 800', 9501, and 
14000C for the Mo-Si and Mo-Al binary systems, as well as along the Mo lines of 
the ternary system which contain the alloys under study. Figure 6.20 corresponds 
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Table 6.8: Equilibrium reaction constants for the formation of alumina, silica, 
molybdenum trioxide and mullite at the four temperatures where oxidation ex- 
periments were carried out in this study (Barin, 1989). 
CONSTANT I 500'C I 8001C I 950'C 
l 'CA1203 og, 93.036 63.068 56.372 34.751 
logKsioý 49.979 34.684 30.281 18-749 
logl<"M-03 35.387 23.126 19.691 7.797 
1091CAIýSi2O. 
1 379.174 1 257.425 1 230.273 142.580 
to the Mo-Si and Mo-Al binary systems, while figures 6.21-6.23 show the variation 
of activities along the Mo(Si, AI)2 line and along the Mo lines that correspond to 
alloys 1-5. The vertical dotted lines mark the Al concentration of these alloys. 
The results obtained by using this data as described above, are presented 
in figures 6.24 to 6.27. The results show that A1203 is the thermodynamically 
favoured oxide in all the alloy compositions and temperatures studied in this 
work, because its formation requires the lowest presence of oxygen relative to the 
other oxides. The oxidation of Mo to M003 is the one that requires the highest Po, 
among the other reactions. On the other hand, as revealed by the activity plots, 
the activity of Al is not always the highest. In alloys 2 and 3 (see figure 6.22) the 
activity of Mo is higher than that of Al at all temperatures, and only at 1400'C and 
for Al contents above 11.5 and 14.5 at% respectively, this fact is reversed. For al- 
loys 1,4 and 5 (see figures 6.21 and 6.23) the relative activities of the two elements 
change depending on the composition region. Along the Mo(Si, AI)2 line the Al 
activity becomes higher than the activity of Mo even at 5000C, but the mole frac- 
tion at which this occurs increases with increasing temperature. The activity of Si 
is always the lowest of the three. Comparing all these am : -- f (XAI) graphs with 
the corresponding'09P02 (MIMO) : '-- f (XAI) plots (M=Mo, Si, Al), one notices that 
the activity variations do not lead to significant variations in the oxygen partial 
pressures of the oxidizing reactions (with the exception of very low Al contents, 
mole fraction <0.02 or 2 at%, where A1203 becomes in some cases less favoured 
than Si02). This is a direct consequence of the fact that A1203, Si021 M003 and 
3A1203- 2SiO2 have very big differences in stability, and consequently in their ox- 
idation reaction constants. These large differences overshadow any changes that 
the alloy composition and the reaction temperature might give rise to, and always 
render A1203 the oxide that is favoured to form. As far as the binary Mo-Al and 
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Mo-Si systems are concerned, similar conclusions hold and the thermodynamic 
analysis predicts that even in the most Mo-rich compounds A1203 andSi02 are 
preferred to form thanMO03in the two systems respectively. 
6.6 Characterisation of the oxide scales 
6.6.1 Oxidation at 5000C 
The oxide layers that formed on both Mo(Si, AI)2 alloys, as well as on alloys 2,3 
and 4 after isothermal oxidation at 5000C, were very thin and could not be ob- 
served using SEM or XRD. X-ray photoelectron spectroscopy was therefore per- 
formed in order to characterize the oxidation products. Survey scans acquired 
from the above alloys are presented in figures 6.28,6.29 and 6.30. All the peaks 
(Mo 3d, Si 2p, Al 2p) in the high resolution spectra were found to consist exclu- 
sively of the oxide component and no metallic contribution was present in them. 
This can be seen in the representative spectra of figures 6.31-6.33. The binding 
energies (BE) of the Si 2p peaks that were recorded from the oxidation products 
(tables 6.9 and 6.10) always corresponded to Si02, indicating the presence of this 
oxide in the thin scale. The BE of the Mo 3d peaks were that Of M003 rather 
than M002. while the Al 2p peaks were always close to A1203 (the reference peak 
positions are given table 6.11 for comparison purposes). In AI(OH)3,, the Al 2p 
peak exists at BE which correspond better to the values measured, therefore the 
presence of this hydroxide cannot be excluded, although it is not very likely due 
to the shape of the 0 ls peaks which lacked a OH- component (for example see 
figure 6.34). According to the reference positions, the Al 2p and Mo 3d peaks in 
the A12(MO04)3 mixed oxide appear respectively at 74.2 and 232.7 eV; these val- 
ues are in good agreement with the experimentally measured ones. However, the 
existence of this oxide among the products of oxidation at 5001C is not expected, 
since its formation temperature has been reported by Kodash et al. (1990) to be 
around 8500C (also supported by the present DSC studies). 
The XPS results revealed the following for each alloy: on the Mo(Si, AI)2 alloy 
with 5 at% Al the oxide layer consisted mainly Of Si02, while A1203 and M003 
existed in very small amounts. On the contrary, a thin film containing oxides of 
all three elements Al, Si, and Mo formed on the alloy with 40 at% Al, where the 
M003-content appeared to be about half that of alumina or silica (table 6.12). In 
the case of alloy 2, an oxide layer Of Si02 formed, with little M003 and even less 
A1203. Examination under the SEM of the surface of this oxide revealed images 
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Figure 6.23: Calculated activities of different elements 6f the Mo-Si-Al system 
along x(Mo)=0.512 (alloy 4): '(a) 5000C, (b) 8000C, (c) 9500C, (d) 14000C - Also 
along x(Mo)=0.381 (alloy 5): (e) 5000C, (f) 8000C, (g) 9501C, (h) 14000C. 
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Figure 6.28: Survey scans taken from the oxidation products of the Mo(Si, AI)2 
alloys, after oxidation at 5001C for 170 hours: (a) alloy with 5 at% Al and (b) alloy 
with 40 at% Al. 
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Figure 6.29: Survey scans taken from the oxidation products of (a) alloy 2 and (b) 
alloy 4, after oxidation at 5001C for 170 hours. 
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Figure 6.30: Survey scan taken from the oxidation products of alloy 3 after oxida- 
tion at 5001C for 170 hours. 
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Figure 6.31: High resolution Mo 3d spectrum taken from the oxidation products 
of alloy 2 after oxidation at 5001C for 170 hours. 
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Figure 6.32: High resolution Si 2p spectrum taken from the oxidation products of 
the MOSi2+5 at% Al alloy after oxidation at 500'C for 170 hours. 
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Figure 6.33: High resolution Al 2p spectrum taken from the oxidation products 
of the MOSi2+40 at% Al alloy after oxidation at 800'C for 170 hours. 
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Figure 6.34: High resolution 0 Is spectrum taken from the oxidation products of 
theMOSi2+5 atY,, Al alloy after oxidation at 500"C for 170 hours. 
Figure 6.35: BSE image of the surface of the oxide layer that formed on alloy 2 
during oxidation at 500'C. 
like the one in figure 6.35. On alloy 4 the main component of the mixed oxide 
scale was again SiO2, but the fractions of the other two oxides in it were higher 
relative to alloy 2 (table 6.13). Finally, the main constituent of the thin oxide film 
that covered alloy 3 wasMO03, with the Al and Si oxides being only a small 
fraction of it. 
The XRD spectrum collected from the powder product of oxidation of alloy 
. q2l Fm; A; 541 546 
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Table 6.9: Photoelectron binding energies of the Mo 3d, Si 2p and Al 2p peaks 
present in the oxide scales of alloys 2,3 and 4 (oxidation at 5001C), as well as on 
the pest oxidation product of alloy 5. 
PEAKS I Alloy 21 Alloy 3 1 Alloy 4 1 Allo 
Mo 3d 232.8 232.7 233.4 233.2 
Si 2p 103.2 103.8 103.8 103.8 
Al 2p 74.2 75.2 74.6 74.8 
Table 6.10: Photoelectron binding energies of the Mo 3d, Si 2p and Al 2p peaks 
present in the oxide scales of the MOSi2 +5,40 at% Al alloys. 
I 500'C 800'C 950' 
MOSi2+ 5 at% Al 
Mo 3d 233.4 232.6 232.8 
Si 2p 103.2 102.6 102.8 
Al 2p 75.0 74.2 74.8 
MOSi2+ 40 at% Al 
Mo 3d 233.0 232.8 232.4 
Si 2p 102.6 102.4 102.8 
Al 2p 74.6 74.4 74.6 
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Table 6.11: Photoelectron binding energies of pure elements and of various oxides 
(Briggs and Seah, 1994). 
COMPOUND Mo3d I Si2p I A12 
Pure Mo 227.9 - 
Pure Si - 99.7 - 
Pure Al - - 72.8 
Si02 
- 103.4 - 
Si02 (Cristobalite) - 103.25 - 
Si02 (Quartz) - 103.65 - 
M002 229.6 
M003 232.8 - 
A12(MO04)3 232.7 74.2 
A1203 - 73.85 
AI(OH)3 74.3 
1, contained numerousMO03peaks, amidst T1 and C40 peaks resulting from the 
alloy structure (figure 6.36, table B. 18). Two weak peaks, at 25.2' and 44.60, could 
not be attributed to any of the above compounds, but corresponded quite well to 
cristobalite. However, the absence of the main cristobalite 11011 peak that nor- 
mally appears at approximately 221, makes the presence of this oxide doubtful. 
The same holds for tridymite, to which only one peak was found to correspond. 
No peaks of quartz could be identified. Study of the pest oxidation products un- 
der the SEM did not reveal the presence of pure silica; instead, a mixed Mo-Si 
oxide of average thickness 10jim had formed next to the T1 phase, while no scale 
existed next to the T1+C40 eutectic (figures 6.37 and 6.38). Fractured, porous 
pieces of this Mo-Si oxide, intermixed withM003 crystals, were found aplenty 
between the separate alloy fragments, as revealed by the photo and the elemental 
map shown in figure 6.39. No independent alumina formed, and Al was incorpo- 
rated in the mixed oxide in very small amounts. In figure 6.40 a linescan across 
the oxide scale is presented. 
In the case of alloy 5, X-ray diffraction on the powder product of pesting re- 
vealed a few peaks from M003, as well as many peaks from the M03AI8 and 
T1 phases remaining in the alloy's unoxidized parts (figure 6.41, table B. 31). No 
other oxide was identified. The quantity Of M003 peaks in the spectrum im- 
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Table 6.12: XPS quantitative analysis (in at%) of the elements present in the oxide 
scales that formed on the MOSi2 +5,40 at% Al alloys during oxidation at 500', 800' 
and 950'C. 
I 500'C 800'C 950'ý] 
MOSi2+ 5 at% Al 
Mo 3d 1.7 1.2 0.1 
Si 2p 20.2 0.5 4.0 
Al 2p 1.7 24.3 23.5 
0 is 58.2 52.1 55.8 11 
MOSi2+ 40 at% Al 
Mo 3d 4.2 1.2 0.3 
Si 2p 7.6 1.6 1.7 
Al 2p 9. 4.5 22.7 
0 is 50.5 54.5 49.2 
Table 6.13: XPS quantitative analysis (in at%) of the elements present in the oxide 
scales that formed on alloys 2,3 and 4 during oxidation at 5000C. 
r -P-E A-K-s-T 
Mo 3d 
Alloy 21 
3.6 
Alloy 3 
- 
All 
5.9 
Si 2p 18.3 - 12.7 
Al 2p 1.8 - 3.1 
Ols 67.0 - 57.4 
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Figure 6.36: XRD spectrum taken from the products of pest oxidation of alloy 1 
at 500'C. 
plied the presence of small amounts of this oxide. When polished pieces (cross- 
sections) of the oxidized alloy were examined under the SEM, no oxide scale or 
molybdenum oxide crystals could be found, despite the repeated attempts and 
the investigation of a large number of powder grains. Given that a grey-coloured 
oxide could easily be seen on the powder upon optical examination, it was con- 
cluded that this oxide was probably too thin to be imaged in a cross-section. X-ray 
photoelectron spectroscopy was therefore used to determine its composition, and 
in figure 6.42 the survey spectrum collected from this oxide is given. As in the 
case of alloy 3, the most dominant of its components was the oxide of molybde- 
num. The high resolution Mo 3d, Si 2p and Al 2p peaks contained only oxide 
contributions (no metal was detected), and their position revealed that the cor- 
responding oxides wereM003. Si02 and A1203 (table 6.9). Additional study of 
the surface of unpolished powder pieces in the SEM (see the secondary electron 
images in figure 6.43a, b) revealed the presence of numerous crystals of molybde- 
num oxide (figure 6.43c) protruding from the surface. 
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Figure 6.37: BSE image of the pest oxidation products on alloy I (500"C). 
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Figure 6.38: EDX analysis of the oxide found attached on the TI phase. 
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Figure 6.39: Alloy 1,500"C: EDX digital maps of 0, Al, Siand Mo taken from the 
area shown in the above micrograph. 
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Figure 6.40: Alloy 1,500'C: EDX linescans of 0, Al, Si and Mo taken along the 
line shown in the micrograph above. 
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Figure 6.41: XRD spectrum taken from the products of pest oxidation of alloy 5 
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Figure 6.42: XPS survey scan taken from the pest oxidation powder product of 
alloy 5 (5001C after 170 hours). 
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Figure 6.43: Alloy 5,500'C: (a), (b) SE images taken from the surface of unpol- 
ished pest oxidation powder products. (c) EDX spot analysis taken from the pro- 
truding crystals. 
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6.6.2 Oxidation at 8001C 
XPS studies of the oxide films that formed on the Mo(Si, AI)2alloys during oxida- 
tion at 800'C showed that they consisted mainly of A1203. Limited quantities of 
silicon and molybdenum oxides were present in them (tables 6.10 and 6.12, figure 
6.44a, b). 
The oxide scale that grew on alloy 1 at the same temperature had an aver- 
age thickness of 3-4pm and consisted of two parts (figure 6.45). Adherent to the 
M05Si3phase a pureSi021ayer was present; on the contrary, next to the C40 phase 
a mixed AI-Si oxide had formed. According to quantitative analysis, the AI/Si ra- 
tio of this oxide corresponded to that of mullite 3Al2O3.2SiO2 (figure 6.46). The 
formation of mullite was also confirmed by X-ray diffraction, as shown in figure 
6.47 and table B. 19. NoSi02peaks were identified in the spectrum. NoM003 
could be found anywhere in the layer, either by XRD or by microscopy. 
A complex oxide scale had formed on alloy 2 after 170 hours of exposure at 
8000C in air. Porosity and cracking along the direction perpendicular to the sur- 
face characterized this scale, whose thickness varied greatly between 200 and 
300ym. Three different parts were distinguished in it under the SEM (figure 6.48): 
An outer layer, consisting of dark longitudinal facetted crystals intermin- 
gled near the surface with a white oxide, in quantities that varied around the 
sample periphery from zero, to a point where the dark crystals could hardly 
be observed amidst a white layer. This outer part had a thickness that was in 
the range between 0 and 75ym. With the purpose of identifying the oxides, 
quantitative EDX analysis was carried out in the microprobe. According to 
the results (summarized in figure 6.49a, b and table 6.14), the dark crystals 
had a ratio Al/Si=2.98 indicating that they are mullite, while the white ox- 
ide contained molybdenum and aluminiurn in a ratio Al/Mo=0.59. In the 
mixed oxide A12(MO04)3., the same ratio was Al/Mo=0.67. Although the 
difference between the two ratios does not allow a definite conclusion, it 
is very likely that the white oxide observed in the outer scale is an Al-lean 
form of this aluminum molybdate. X-ray diffraction performed on the oxi- 
dized alloy surface, confirmed the presence of muRite, but the spectrum did 
not contain any peaks of A12(MO04)3 (figure 6.51 and table B. 22). Hence, the 
Mo-Al mixed oxide is not A12(MO04)3, but an intermediate one. 
An inner layer, 200-250/im thick, was the main component of the oxide 
scale. The elemental maps presented in figure 6.50 show that the major- 
ity of this layer was composed by a Si-rich oxide, which quantitative EDX 
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Figure 6.44: Survey scans taken from the oxidation products of the Mo(Si, AI)2 
alloys, after oxidation at 8001C for 170 hours: (a) alloy with 5 at% Al and (b) alloy 
with 40 at% Al. 
CHAPTER 6: Studies of the oxidation behaviour of Mo-Si-Al alloys 269 
a 
() Kýi 
Si Ka 
AI Ka 
Figure 6.45: (a) Cross-section BSE image of the oxide scale that formed on alloy I 
during oxidation at 800"C; (b) EDX digital maps of 0, Al, Si and Mo taken from 
the above area. 
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Figure 6.46: EDX spot analysis of the oxides that grew (a) on the T1 phase, and 
(b) on the C40-Mo(Si, AI)2 phase of alloy 1 during oxidation at 800'C. 
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Figure 6.47: XRD spectrum taken from the surface of alloy 1 after oxidation at 
8001C. 
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Table 6.14: EPMA determined compositions (in at%) of the different oxides that 
compose the scale on alloy 2 after oxidation at 8001C. 
I mo I Si I ýý = 
O t l 
Dark crystals 0.3 9.3 27.7 62.7 
u er sca e White oxide 19.2 0.1 11.3 69.4 
Bulk oxide 0.5 30.9 1.1 67.5 
Inner scale 
Other oxide 0.8 7.7 29.2 . 
White islands 18.8 0.7 11.0 , 69.5 
analysis proved to beSi02 (figure 6.49c and table 6.14). XRD additionally 
showed that this silica was crystalline, and had the structure of tridymite. 
White islands of a Mo-Al mixed oxide and dark islands of an Al-rich oxide 
were also dispersed in the inner scale. The former was exactly the same ox- 
ide found at the outer scale, while the latter had a higher AI/Si ratio (=3.8) 
than mullite. This, together with the fact that XRD gave some peaks cor- 
responding to a-A1203, indicates that A1203also formed during oxidation, 
either alone or mixed withSi02- 
The oxide scale/alloy interface had a very characteristic structure all around 
the oxidized sample, as can be seen in figure 6.52a. Mapping and linescans 
across the interface (figures 6.52b and 6.53) revealed a gradual increase in 
the oxygen concentration, from zero at the Mo, 5(Si, AI)3 matrix to the maxi- 
mum at the inner oxide layer. Three successive layers of different contrast 
were present in between. Adjacent to the alloy matrix, a light grey phase ap- 
peared, which EDX analysis showed to be the Mo5(Si, AI)3 phase with some 
oxygen dissolved in it (figure 6.54a). Next to this phase, a dark grey layer 
of mixed Mo-Si oxide had formed (figure 6.54b). Finally, a Mo-rich white- 
coloured oxide was identified next to the bulk oxide scale (figure 6.54c). Its 
oxygen content was lower than that of the bulk scale, and analysis indicated 
an approximate Mo/O ratio equal to 2.5-3. Dispersed in this oxide layer, 
particles of another Si-rich oxide were evident (see the elemental maps of 
figure 6.52), possibly Si02. The interface was apparently too deep below the 
surface to be probed by X-rays, and this explains the absence of any relative 
data in the XRD spectrum. 
Examination of the oxidation products that formed on alloy 3 after 170 hours 
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b 
Figure 6.48: BSE images (in cross-section) of the scale that had grown on alloy 2 
after oxidation at 800'C. 
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Figure 6.49: EDX spot analysis of the various oxides present in the scale that 
formed on alloy 2 after oxidation at 8001C. (a) Dark crystals, (b) white phase in 
the outer part. (c) Bulk oxide, (d) white islands (e) Al-rich oxide in the inner part. 
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Figure 6.50: Oxidation of alloy 2 at 800"C: EDX digital maps of 0, Al, Si and Mo 
taken from the oxide scale shown in micrograph 6.48a. 
at 800"C revealed the formation of a multilayered, multicomponent oxide scale 
(figure 6.55). This scale was 400-500/im thick, heavily fractured and it lacked 
continuity and cohesion. Spalling had occurred at many points. At the outer part, 
towards the surface, a dark-coloured oxide layer was found. Its thickness varied 
around the examined sample from zero (in a few areas) to a maximum of 200/1. m. 
Both digital mapping and spot analysis (figures 6.56 and 6.57a) indicated that 
this dark-coloured layer was Al-rich, with the stoichiometry of mullite. Mullite 
peaks were additionally identified in the X-ray diffraction spectrum taken from 
the surface of the oxidized alloy (figure 6.58 and table B. 25). The majority of the 
oxide's scale inner part consisted of a white oxide, which EDX analysis showed 
to contain molybdenum and aluminium at a ratio equal to Al/Mo=0.72 (figure 
6.57b). This is close to the AI/Mo ratio of AIAMOOAj, but the absence of any 
relevant peaks in the XRD spectrum does not permit the identification of this 
oxide beyond any doubt. Given that its volume fraction is very large, Al2(MO04)3 
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Figure 6.51: XRD spectrum taken from the surface of alloy 2 after oxidation at 
800'C. 
peaks would be expected to appear in the XRD spectrum, if indeed this oxide 
was present. It was therefore concluded that, like in the case of alloy 2, this was 
another intermediate Mo-Al-0 oxide. In the elemental map of figure 6.56, Si-rich 
oxide particles can be seen dispersed amidst the inner oxide scale. According to 
spot analysis their composition was that Of Si02 (figure 6.57c), while XRD gave 
peaks from both cristobalite and tridymite. According to figure 6.56, A1203 was 
also present in the scale, as were longitudinal crystals of a molybdenum oxide. 
Mainly found near the alloy surface and on fragments of the scale, this oxide was 
probably M003 (figure 6.57d), which could not be detected by XRD owing to its 
positioning. Molybdenum trioxide together with a mixed Mo-Si-O oxide were 
always found at the alloy/scale interface (figure 6.55c). 
The product of oxidation of alloy 4 at 800'C is shown in the micrographs of 
figures 6.59a and 6.60. It was a discontinuous, irregular oxide scale that seemed 
to have grown inwards by consuming the T1 and A15 phases but leaving the 
M03AI8 matrix intact. Islands Of M03AI8 could therefore be seen amidst the oxide 
scale, which did not have a uniform thickness and was cracked and had spalled 
in many areas parallel to the alloy surface. No flat oxide/alloy interface existed 
either. The depth of advancement in the alloy matrix was never bigger than 60Pm. 
The maps in figure 6-59b indicate that the bulk of the scale was composed of a 
20 30 40 50 60 70 80 90 100 110 120 
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Figure 6.52: EDX digital maps of 0, Al, Si and Mo taken from the oxide 
scale/alloy 2 interface shown in the micrograph above (oxidation at 800'Q. 
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Figure 6.53: EDX linescans of 0, Al, Si and Mo across the oxide scale/alloy 2 
interface (800'C). 
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Figure 6.54: EDX spot analysis of the various oxides and phases present at the 
oxide scale/alloy 2 interface (8001C): (a) light gray phase next to the alloy matrix, 
(b) dark grey mixed Mo-Si oxide, (c) white-coloured oxide next to the bulk oxide 
scale. 
Si-rich oxide, with considerable amounts of Al contained in it. Its composition 
was 22.1 Si - 10.3 Al - 0.5 Mo - 67.10 (in at%). Pure A1203 was also identified 
by EDX (figure 6.61), mainly adjacent to the M03AI8 phase. This observation 
was further supported by the numerous a-A1203 peaks in the X-ray diffraction 
spectrum collected from the scale (figure 6.62). Table B. 28 shows that some of 
the XRD peaks could have resulted from mullite; the position of all these peaks, 
however, is in much better agreement with other compounds (the M03AI8 peaks 
came from the unoxidized matrix), and this fact led to the conclusion that the 
presence of mullite was not proved by XRD. The SEM study did not provide any 
evidence for the existence of mullite either. A notable feature of the results of 
X-ray diffraction was the absence of any peaks corresponding to silica. 
In the case of alloy 5, and similarly to alloys 1 and 4, the oxide scale that 
formed on the large T1 phase was different than the one on the M03AI8 matrix 
(figure 6.63a). A very thin (1-2jim) layer existed on M03AI8, indicating that little 
oxidation of this compound took place after initial formation of a protective ox- 
ide. Identification of this oxide by EDX spot analysis was difficult because of its 
small dimensions; the maps in figure 6.63b however, indicate that it is Al-rich, i. e. 
A1203., since no Si is present in the matrix to oxidize. The XRD spectrum collected 
from the oxidized alloy surface (figure 6.64, table B. 32) contained several a-A1203 
(a) 
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Figure 6.55: BSE images (in cro,; s-section) of fliescale that formed on alloy 3 after 
oxidation at 800')C. 
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Figure 6.56: EDX digital maps of 0, Al, Si and Mo (b) taken from the oxide scale 
shown in the micrograph of (a) (alloy 3 oxidation at 800'C). 
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Figure 6.57: EDX spot analysis of the various oxides present in the scale that 
formed on alloy 3 after oxidation at 800OC: (a) dark external layer, (b) white oxide 
consisting the inner part. (c) Si-rich particles, (d) Mo-O crystals and (e) Mo-Si-O 
mixed oxide at the alloy/scale interface. 
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Figure 6.58: XRD spectrum taken from the surface of aBoy 3 after oxidation at 
800'C. 
peaks, and confirmed the above observation. Tridymite Si02 was also identified 
by XRD; it formed on the T1 phase, by consuming it and growing inwards. Spot 
analysis revealed that, although Si-rich, the oxide also contained some Al, proba- 
bly A1203 since no complex Si-Al oxide exists with the stoichiometry 24.2 Si - 9.6 
Al - 0.5 Mo - 65.7 0 (figure 6.65a). Some porosity was evident in it. Separating the 
oxidized from the unoxidized part of the T1 phase, a light grey layer was found. 
Like in alloy 2, this layer was Mo5(Si, AI)3 with oxygen dissolved in it. In the 
areas where big cracks existed in the alloy matrix, oxygen had diffused in them 
and had reacted giving A1203 and Si02 (figure 6.66). Finally, thin oxide layers 
containing mainly alumina were observed over areas with C54+MO3AI8 eutectic 
microstructures (figure 6.67). 
6.6.3 Oxidation at 950'C 
Oxidation of the Mo(Si, AI)2 alloys at 9500C led to the formation of thin oxide films 
of A1203, with littleSi02 and no M003 present in them. The results of analysis 
using XPS are presented in figure 6.68 and tables 6.10,6.12. 
Similar observations as for the oxidation experiment at 800'C were made for 
alloy 1 after oxidation at 950'C. A pure Si02 layer had grown after 170 hours on 
x 3ALO, MO, - Mullite 
20 30 40 50 60 70 80 90 
CHAPTER 6: Studies of the oxidation behaviour of Mo-Si-Al alloys 283 
a 
() 11, i 
, I)i 
K. i %I() I 'a I 
Figure 6.59: (a) Cross-, ection BSE irnage of the oxide scale that formed on alloy 4 
during oxidation at 800"C; (b) EDX digital maps of 0, Al, Si and Mo taken from 
the above area. 
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Figure 6.60: Close view (BSE image in cross-section) of the oxide scale grown on 
alloy 4 after oxidation at 800"C. 
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Figure 6.61: EDX spot analysis of the oxides present in the scale grown on alloy 4 
after oxidation at 800"C: (a) bulk Si-Al oxide, (b) alumina. 
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Figure 6.62: XRD spectrum taken from the surface of alloy 4 after oxidation at 
800'C. 
the T1 phase; on the eutectic matrix this layer was predominantly A1203, Which 
also contained some Si in it (figure 6.69). The most notable difference between 
the oxide scales that grew at these two temperatures was their thickness. While 
at 8000C the oxide on T1 was never more than twice as thick as the matrix oxide, 
at 950cC it was at least five times thicker. In particular, thicknesses of 20ym and 
4/. Lm were observed respectively. Silica had grown both inwards and outwards by 
consuming the T1 phase and forming humps on the alloy surface. X-ray diffrac- 
tion indicated that it was crystalline, with the structure of cristobalite (figure 6.70, 
table B. 20). On the contrary, no A1203 or mullite peaks were identified in the 
recorded spectrum. 
Tridymite, mullite and corundum were identified by X-ray diffraction in the 
oxide scale of alloy 2 (figure 6.71 and table B. 23). The micrograph of figure 6.72a 
is showing the morphology and appearance of the scale, which is very thick (0.5- 
imm), discontinuous and fragmented. According to the EDX elemental maps 
that were collected from it (figure 6.72b), it consisted of successive layers of Al- 
and Si-rich oxides, pure or mixed, in accordance with the XRD result. In most ar- 
eas a zone of internal oxidation was observed (figure 6.73a) extending to a max- 
imum depth of 150ym. The dark oxide in it was proved by spot analysis to be 
Si02 while the white phase around it was M003. Exactly underneath the surface 
Al,, O,, -Corundum 
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Figure 6.63: (a) Cross-section BSE image of the oxide scale that formed on alloy 5 
during oxidation at 800"C; (b) EDX digital maps of 0, Al, Si and Mo taken from 
the above area. 
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Figure 6.64: XRD spectrum taken from the surface of alloy 5 after oxidation at 
8000C. 
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Figure 6.65: EDX spot analysis of the oxides present in the scale grown on alloy 5 
after oxidation at 800'C: (a) oxide on the T1 phase, (b) alumina. 
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Fi-gure 0.00: 13SE image of the oxide grown within cracks in alloy 5 (oxidation at 
800"C). 
scale, a light grey and a white layer could be distinguished. The latter was found 
to be the same as the white phase in the internal oxidation zone, i. e. MoO: j. The 
light grey layer, on the other hand, was a mixed Mo-AI-Si-O oxide with no fixed 
composition. 
A very loose and easy to break oxide scale had formed on alloy 3 after oxi- 
dation at 950"C. Examination under the scanning electron microscope revealed 
the existence of large voids throughout the oxide scale, which in many areas had 
di sintegrated in long islands or in small pieces; nowhere could the scale be found 
to be in contact with the alloy (figure 6.74a). The Al-rich areas at the outer part of 
the scale shown in the elemental map of figure 6.74b, were found by quantitative 
analysis in the EPMA to have the stoichiometry of mullite (25.8 Al - 8.5 Si - 0.2 
Mo - 65.5 0, in atYo) with Al/Si=3.04. Needle-shaped crystals of mullite were also 
visible in many places. In figure 6.75a, a close view is given of dark oxide islands 
and needles (mullite) interwound with a white oxide; according to quantitative 
analysis the latter contained mainly molybdenum with some aluminium: 19.7 
Mo - 5.1 Al - 0.6 Si - 74.6 0 (at%). PureSi02was also present in the scale, as well 
as in a few areas where the AI-Si-O mixed oxide did not have the composition 
of mullite. X-ray diffraction on the surface of the oxidized sample did not yield 
any additional information for the Mo-AI-O mixed oxide, but confirmed the pres- 
ence of the other oxides, with the identification of alumina, tridymite and mullite 
peaks in the recorded spectrum (figure 6.76, table B. 26). Finally, next to the unoxi- 
I 
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Figure 6.67: (a) Cross-section BSE image of the oxide scale that formed on the 
C54+Mo: ýAl, areas of alloy 5 during oxidation at 800')C; (b) EDX digital maps of 
0, Al, Si and Mo taken from the above area. 
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Figure 6.68: Survey scans taken from the oxidation products of the Mo(Si, AI)2 
alloys, after oxidation at 950'C for 170 hours: (a) alloy with 5 at% Al and (b) alloy 
with 40 at% Al. 
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Figure 6.69: (a) Cross-section BSE image of the oxide scale that formed on alloy 1 
after oxidation at 950"C; (b) EDX digital maps of 0, Al, Si and Mo taken from the 
above area. 
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Figure 6.70: XRD spectrum taken from the surface of alloy 1 after oxidation at 
9500C. 
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Figure 6.71: XRD spectrum taken from the surface of alloy 2 after oxidation at 
9501C. 
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Figure (-). -/2: (a) Cross-sectioil BSF image of the oxide scale that formed on alloy 2 
after oxidation at 950"C; (b) EDX digital maps of 0, Al, Si and Mo taken from the 
above area. 
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Figure 0.73: (a) BSE ii-nage of the internal oxidation zone observed on alloy 2 after 
oxidation at 950"C; (b) EDX digital maps of 0, Al, Si and Mo taken from the above 
area. 
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F igu re 0.74: (a) BSE image of the oxide scale that formed on alloy 3 after oxidatioll 
at 950"C; (b) EDX digital maps of 0, Al, Si and Mo taken from the above area. 
dized alloy a porous light-coloured phase could be seen (figure 6.75b), which was 
shown by EDX analysis to be a pure molybdenum oxide with the stoichiometry 
M002.2 (figure 6.77d). 
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b 
1-1-gUre (-). 7,5: Alloy 3 after oxidation at 950"C: BSE images (a) Of MUllIte crystals 
surrounded by Mo-AI-O mixed oxide, and (b) of the white molybdenum oxide 
found next to the unoxiclized alloy matrix. 
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Figure 6.76: XRD spectrum taken from the surface of alloy 3 after oxidation at 
950"C. 
Another discontinuous, porous oxide scale, separated in many areas from the 
underlying alloy, was found on alloy 4. Study under the SEM revealed the same 
oxidation products as in the case of alloy 3, with the exception of the Mo-AI-O 
white oxide. Figures 6.78 and 6.79 present micrographs of the scale, whereSi02. 
A1203 and an AI-Si-O mixed oxide with the stoichiometry of mullite (Al/Si=3.06) 
were present. Tridymile and corundum alumina were also confirmed by X-ray 
diffraction (figure 6.80, table B. 29). On the contrary, no mullite peaks could be 
found in the recorded spectrum. Ilie white interface layer between the main 
alloy and the bulk oxide scale was shown by quantitative EDX analysis to have a 
composition of MoOl. m. 
Figure 6.81 and table B. 33 summarize the results of X-ray diffraction per- 
formed on the product of oxidation of alloy 5: the strongest and most numerous 
peaks belong to n-AI20.1, and indicate that this was the major component of the 
scale. A few tridymile SiO2 and mullite peaks were also present. Microscopic 
study revealed a multicomponent oxide scale, characterized by the presence of 
many layers totally separated from each other and from the remaining alloy (fig- 
ure 6.82a, b). The major component of these layers was a grey oxide, with another 
while oxide present mainly at the layer edges. The grey oxide's back-scattered 
electron contrast varied significantly from area to area, an indication of varying 
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Figure 6.77: EDX spot analysis of the oxides present in the scale that formed on 
alloy 3 after oxidation at 9WC: (a) mullite, (b) wWte Mo-AI-O oxide, (c) silica 
and (d) molybdenum oxide next to the alloy matrix. 
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WIL IIIWAC ()I HIC OXIdC Sk. 11C that formed on allov 4 after oxidation at 
95011c. 
composition. Indeed, quantitative FDX analysis showed that it contained M- 
Mo-0 in amounts that were in the range 19.8 to 28.5 at"o for Al, and 3.5 to 10-5 
at";, for Mo (Si never exceeded 1.0 at"/,, ). In some areas almost pure A1203 was 
present, as well as many pure SiO., islands. Mullite islands and mullite needles 
(Al/Si=3.4) were found Surrounded by the white oxide, with a morphology iden- 
tical to the one observed in alloy 3 (95(Y'C). 'rhe composition of this oxide was 
found to be 18.0 Mo - 10.4 Al - 1.3 Si - 70.3 0 (at%)). It is very likely that this is tile 
Al_. (M(0, j)-j mixed oxide, since (AI+Si)/Nlo=0.65. Like in the case of alloys 2 and 
3 at S(X)"C, XRD did not confirm this conclusion, leaving doubts about the exact 
nature of the white oxide. At tile boundary of the remaining unoxiclized alloy a 
layer had formed with numerous particles dispersed in it (figures 6.82c and 6.83). 
The particles belonged to a molybdenum oxide with the stoichiometry Mo()j,,, _ 
while the area between them was also a molybdenum oxide, which contained ap- 
proximately 25 at'% Mo along with small amounts of Al (2-4 atY,,, figure 6.84c, d). 
Protruding MOO, crystals could also beseen coming out of this layer. 
6.6.4 Oxidation at 1400-C 
A (ontinumv, I)rotectivc , talv ot wa,, observed oil the Mo(Si, AI)2 alloy 
with 40 at'%, Al after high- tempera ture oxidation at 14(X)"C. Figure 6.85 presents 
an image of this scale, along with the corresponding EDX maps. These maps 
suggest that no silicon or molydbenum oxides were present in the scale (see also 
figure 6.86a). The thickness of the latter was approximately 25jim. An interme- 
CIIAPTFR (,: Studics ot theoxidation behaviourotmo-SI-A Ia lim's 300 
MaEflow-OCEL. a6ysm ý 
I-igurc (). 79. Alloý 4, omdation at v-, () (-. the EDX digital maps of 0, Al, Si and Mo 
shown in (b) were taken from the area shown in the micrograph (a). 
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Figure 6.80: XRD spectrum taken from the surface of alloy 4 after oxidation at 
9500C. 
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Figure 6.81: XRD spectrum taken from die surface of alloy 5 after oxidation at 
950'C. 
CllAl7l: R (,: Stuclit-s of tj, (. ()\jtjjtj'o,, behaviour of MO-Si-A I alloys 302 
a 
I 
L:. :' 
1-iguru o. h2. II Ii It I: k 
at ter 
( )x id at i( )n 
at 95(Y'C. 
CIIA I (,. - Studiv. s ofthe oxid-ition belmviour of MO-Si-A I Aloys 303 
., IK. i 
Figure (). 83: HA digital maps of 0, Al, Si and Mo takcil trom tilt., 
boundary in alloy Safter oxidation at 95(Y'C. 
diate layer of Mo,, Si I had formed between the AI, O: j surface scale and the all()v 
matrix: it was approximately 10-15/ini thick, and contained very little A] (fig- 
ure h-Shb). The X-ray diffraction experiment presented in figure 6.87 and table 
13.17 provided further confirmation for the above results. In the case (if the alloy 
containing ; at",, Al, corundum, mullite and tridvmite were all identified among 
the oxidation products using X-ray diffraction (figure 6.88, table B. 16). Peaks re- 
sulting from the C40 matrix, as well as from a MorSiýj phase were also present 
in the spectrum. The small number of tridymite peaks and the absence of the 
two major peaks at 4.328 and 4.107A, do not provide conclusive evidence as to 
whether it really was part of the alloy's oxide scale. In figures 6-89a and 6.90a 
two micrographs are given from two different areas of the oxidized sample. In 
the first area (t). 89a), between the oxide scale and the alloy matrix, a white layer 
of Mo,, Si, (: zzlopm thick) was present. The same laver did not exist in the second 
area (6.90a). Despite their similar thickness (15-20jim) and appearance, the ox- 
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Figure 6.84: EDX spot analysis of the oxides present in the scale of alloy 5 after 
oxidation at 950*C: (a) bulk grey oxide, (b) wl-dte Mo-AI-O oxide, (c) Mo-oxide 
particles and (d) Mo-oxidearea next to the alloy matrix. 
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(a) 
Figure 6.86: EDX spot analysis (a) of the oxide that formed on the MoSi2+40 at% 
Al alloy after oxidation at 14001C, (b) of the white layer underneath the oxide. 
ides that composed the scale were different in the two cases. Where no MO5Si3 
had formed, pure A1203 was produced (figures 6.90b and 6.91a). Where the in- 
termediate M05Si3 layer existed, both mullite and silica were found in the oxide 
scale (figure 6.89b). The former was mostly situated towards its outer part, while 
the latter formed the inner part mixed together with A1203 (figure 6.91b, c). Mini- 
mum porosity could be distinguished in the scales of both the Mo(Si, AI)2 alloys. 
Images of the oxide scale that formed on alloy 1 during high-temperature oxi- 
dation are presented in figures 6.92a and 6.93a. The composition and the distribu- 
tion of the various oxides within this scale are given in the maps of figures 6.92b 
and 6.93b, as well as in the spot analyses of figure 6.94. A 15-25/. Lm layer Of A1203 
was often disrupted by SiO2 lumps, the thickness of which was in the range 70 
to 85ym. Additionally, mullite was found in the scale, mainly towards its outer 
surface. Seperating the main scale from the alloy matrix was a zone of internal 
oxidation. This zone contained cracks and pores and consisted Of A1203 islands 
dispersed in a MO5Si3 matrix. X-ray diffraction performed on the oxidized alloy 
surface indicated that Si02 had the structure of cristobalite, and contained peaks 
of a-A1203,3AI203-M02 and MO5Si3 (figure 6.95, table B. 21). 
Within the first ten hours of exposure of alloy 2 in static air at 14001C, com- 
plete oxidation of the sample had occurred. X-ray diffraction on the oxide prod- 
uct showed that cristobalite Si02 and mullite had formed (figure 6.96 and table 
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Figure 6.87: XRD spectrum taken from the surface of the MOSi2+40 at% Al alloy 
after oxidation at 14001C. 
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Figure 6.88: YRD spectrum taken from the surface of the MOSi2+5 at% Al alloy 
after oxidation at 1400'C. 
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Figure 6.89: Alloy MoS], +5 at'%, Al, oxidation at 1400"C: the FDX digital inaps of 
0, Al, Si and Mo shown in (b) were taken from the area shown in the micrograph 
(a). 
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(a) alumina, (b) mullite, (c) silica with dissolved alumina in it, (d) Mo5Si3 inter- 
mediate layer. 
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Figure 6.92: (a) Cross-section BSE image of the oxide scale that formed on alloy 
I after oxidation at 1400"C; (b) EDX digital maps of 0, Al, Si and Mo taken from 
the above area. 
CHAPTER 6: Studies of the oxidation behaviour of Mo-Si-Al alloys 312 
. 
11 
.. ') v 
'1* 
11 1 
Ki 
a 
, i' 
,. 
40 
5,. WI 
dý, - 
!ý 
Nl() III 
Figure 6.93: (a) Cross-section BSE image of the oxide scale that formed on alloy 
1 after oxidation at 1400('C; (b) EDX digital maps of 0, Al, Si and Mo taken from 
the above area. 
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Figure 6.94: Alloy 1 after oxidation at 1400'C: EDX spot analysis (a) mullite, (b) 
silica with dissolved alumina in it, (c) alumina. 
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Figure 6.95: XRD spectrum taken from the surface of alloy 1 after oxidation at 
14000C. 
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Figure 6.96: XRD spectrum taken from the surface of aHoy 2 after oxidation at 
1400'C. 
B. 24). After exposure for 1.5 hours, examination of the as-oxidized sample in the 
SEM gave the images shown in figure 6.97, where facetted plate-like crystals of 
M003 can be seen protruding from holes in a matrix consisting of Si-Al-0. The 
numerous other holes present in this matrix imply that the oxide crystals had 
already evaporated. Study of a cross-section of the oxide scale revealed a 100- 
150yrn thick layer, which in some areas had spalled, was generally broken and 
contained many small or large holes (figures 6.97c and 6.98a). Needle-like crys- 
tals could also be distinguished, situated mainly near the alloy/scale interface. 
According to the elemental maps taken from this area and presented in figure 
6.98b, these were Mo-O crystals, growing in a Si-rich oxide scale, which also con- 
tained significant amounts of Al. Quantitative EDX analysis performed in many 
different areas of the scale showed that it was not characterized by a fixed SUAI 
ratio, but the relative amounts of the two elements ranged from almost zero Al 
to approximately equal amounts of Si and Al (figure 6.99a, b). No pure A1203 
was found in the scale. These observations support the XRD result mentioned 
above. The interface between the scale and the alloy matrix consisted of a mixed 
Mo-Si-Al-O layer which had a varying rather than a specific composition (figure 
6.99c). 
Like in the case of alloy 2, the high-temperature oxidation of alloy 3 was inter- 
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Figure 6.97: (a), (b) SE and (c) 13SE photographs ot the loose oxide scale that 
formed on alloy 2 after oxidation at 1400'C. 
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Figure 6.98: (a) Cross-sectional BSE migrograph of the scale on alloy 2 after oxi- 
dation at 1400"C; (b) EDX digital maps of 0, Al, Si and Mo taken from the above 
area. 
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Figure 6.99: Alloy 2 after oxidation at 1400'C: EDX spot analysis (a) main oxide 
scale, (b) needle-like crystals, (c) alloy/scale interface layer. 
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Figure 6.100: 13SE image (iii cross-section) of the oxide scale that formed oil alloy 
3 during oxidation at 1400'C. 
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Figure 6.101: XRD spectrum taken from the surface of alloy 3 after oxidation at 
1400'C. 
rupted after 1.5 hours, in order to study the oxide formation. Already within this 
time period, an oxide scale --1.5 mm thick had formed due to the extremely high 
rate at which oxidation proceeded. At the four comers of the sample large cracks 
had developed (figure 6.100), starting from the unoxidized alloy and propagat- 
ing towards the surface of the scale, where they opened completely separating the 
two pieces of oxide. The high degree of porosity was another striking feature of 
the scale morphology, as revealed in the above micrograph. X-ray diffraction in- 
dicated that the main product of the oxidative reaction was mullite (figure 6.101, 
table B. 27). Peaks corresponding to cristobalite and corundum were also present 
in the spectrum, which means thatSi02 and A1203 formed as well. The maps in 
figure 6.102 confirm that the majority of the oxide scale was an AI-Si oxide (figure 
6.103a), and also reveal that a Si-rich oxide was present mainly around the large 
pores of the scale. This was the cristobalite found by XRD. Finally, a layer of Mo- 
containing oxide had formed next to the alloy/scale interface. From the results 
of several spot analyses (figure 6.103b) it appeared that this was a mixed oxide 
containing Al, Mo and Si in no particular ratio. 
A porous and cracked composite oxide scale was the result of alloy 4 oxi- 
dation at 1400'C. As figure 6.104a shows, the main cracking had occurred near 
the unoxidized alloy matrix and was parallel to the alloy/scale interface. Sev- 
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Figure 6.102: EDX digital maps of 0, Al, Si and Mo taken from the area shown in 
the above micrograph (alloy 3, oxidation at 14001Q. 
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(a) 
Figure 6.103: Alloy 3 after oxidation at 140010 ED? ( spot analysis (a) of the bulk 
oxide, (b) of the Mo-containing oxide next to the alloy matrix. 
eral other smaller cracks were observed further out towards the surface. The 
overall scale thickness varied between 400 and 500pm. Three main oxide con- 
stituents were observed in the scanning electron microscope. A 20-30pm discon- 
tinuous A1203 layer existed at the external side of the scale, and underneath this 
a lighter-contrast oxide could be distinguished. In the rest of the scale, a net- 
work of regularly distributed light-contrast oxide islands was visible inside the 
main dark-contrast bulk oxide. Elemental mapping (figure 6.105) revealed that 
these were Si-rich islands in an Al-rich bulk oxide. According to the results of 
spot analysis (figure 6.106a, b) and X-ray diffraction (figure 6.107 and table B. 30), 
it was cristobalite Si02 that could be seen within a matrix of mullite. Alumina 
was also present, not only in the external layer but also mixed with the silica 
and the mullite. The Mo, 5(Si, AI)3 phase containing some oxygen in solution was 
identified at the scale/alloy interface, figure 6.106c. An interesting observation 
was done at one side of the oxidized sample. There, a totally different oxide 
scale had formed, consisting merely Of A1203 (20ILm thick) and of an intermedi- 
ate Mo3(Si, Al) white layer (figures 6.104c and 6.106d, e). 'fhe microstructure that 
had produced this scale was different than the standard alloy 4 microstructure, 
and it consisted mainly of the M03AI8 phase. Although not characteristic of the 
alloy, this observation is indicative of the oxidation behaviour of the M03AI8 COM- 
pound, and is similar to the results obtained for alloy 5. 
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Figure 6.104: BSE iiinages (in cross-sectioii) of the oxide scale that formed on alloy 
4 during oxidation at 1400'C. 
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Figure 6.105: EDX digital maps of 0, Al, Si and Mo taken from the area shown in 
the above micrograph (alloy 4, oxidation at 1400'Q. 
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Figure 6.106: Alloy 4 after oxidation at 1400OC: EDX spot analysis of (a) the 
dark-contrast and (b) the light-contrast oxides observed in the scale. (c) The 
Mo, 5(Si, AI)3 phase at the alloy/scale interface. EDX spot analysis from the ox- 
idation products at the part of the sample with different microstructure is also 
given: (d) external A1203 layer, and (e) M03(Si, Al) interface layer. 
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Figure 6.107: XRD spectrum taken from the surface of alloy 4 after oxidation at 
1400'C. 
During high-temperature oxidation of alloy 5a pure A1203 scale formed, as 
indicated by X-ray diffraction and by EDX analysis in the SEM. In figure 6.108 a 
photograph of the scale is given, together with the 0, Al, Si and Mo maps taken 
from this area. The XRD results are summarized in figure 6.109 and table B. 34. 
The alumina layer was slightly porous with an approximate thickness of 301im. 
Below it, a white layer of Mo5(Si, AI)3 was present, with some oxygen dissolved 
in it (figure 6.110). 
The oxide scale characterisation results described in the present section are 
summarized in tables 6.15 and 6.16. Table 6.17 presents a comparative synop- 
sis of the oxidation behaviour of all the alloys studied in the present work. In 
the same table, the ratio of the Mo content of the alloys over their Si+Al con- 
tent is included. This ratio is not the average Mo/(Si+Al) ratio resulting from 
the alloys' overall composition, but is the effective Mo/ (Si+Al) ratio imposed by 
their characteristic microstructures. Its calculation was done via referencing the 
Mo/(Si+Al) ratios of all the phases present in the microstructure of each alloy to 
their respective volume fractions, and adding the results together. For this pur- 
pose, the results of the quantitative EDX analyses presented in chapter 4 (tables 
4.2,4.5,4.8,4.10,4.14) were used. The phase volume fractions used were only 
approximate estimations, and were not based on quantitative image analysis. In 
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Figure 6.108: (a) Cross-section BSE image of the oxide scale that formed on alloy 
5 after oxidation at 1400"C; (b) EDX digital maps of 0, Al, Si and Mo taken from 
the above area. 
the case of the MoSi2+ Al alloys, the results of the microstructural studies carried 
out by Stergiou (1996) and Whiting and Tsakiropoulos (1996) were used. 
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Figure 6.109: XRD spectrum taken from the surface of aHoy 5 after oxidation at 
1400'C. 
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Figure 6.110: Alloy 5 after oxidation at 1400OC: EDX spot analysis taken from the 
white layer underneath the oxide scale. 
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6.7 Discussion 
6.7.1 Mechanisms of oxidation in Mo(Sil---Al,; )2alloys 
The oxide scales that formed on binary MOSi2, as well as on ternary Mo(Sil-.,, Al,,; )2 
alloys containing 22.6 and 30 at% Al (x=0.34 and 0.45), were investigated and re- 
ported by Stergiou (1996) in a previous study at the University of Surrey. These 
alloys were produced using exactly the same procedures as in the present work, 
and the oxidation temperatures were exactly the same. The ternary alloys ex- 
amined in the present work contained 5 and 40 at% Al (x=0.075 and 0.6). In the 
following discussion, the results of both studies will be considered in an attempt 
to reach general conclusions regarding the effects of Al alloying additions on the 
oxidation Of MOSi2- 
Pest oxidation 
The beneficial effect of Al in suppressing the catastrophic pest oxidation Of MOSi2 
was confirmed in the present study, both for low (5%) and high (40%) Al con- 
centrations (see figure 6.2). Considering the similar behaviour exhibited by the 
alloys with 22.6 and 30% and the reproducibility of the results, it is apparent that 
alloying with Al provides a positive solution to the problem of pesting. 
In order to explain this, Stergiou (1996) proposed that rapid growth of a thin, 
continuous A1203 film took place, suppressing M003 formation and leading to 
protection'of the alloy surface. This suggestion was derived mainly from the 
identification of an A1203-rich oxide film on the alloys. In the present study, ex- 
amination of the oxidized alloy surface using XPS revealed that Si02 was the 
main constituent of the oxide scale that formed on the alloy with the lowest Al 
concentration (see figure 6.28a and table 6.12), while approximately equal (very 
small) amounts of A1203 and M003 were also present. On the alloy with the 
highest Al concentration, both Al- and Si-oxides were identified, together with 
smaller amounts of Mo-oxide (see figure 6.28b and table 6.12). Based on these re- 
sults, one cannot justify the suppression of pest oxidation simply by considering 
only the fast growth of A1203. Different or complimentary mechanisms must be 
operating. 
Silicon-rich (68-70 at% Si) Mo-Si alloys based on MOSi2 have been previously 
reported to be pest-resistant by developing a continuous dark grey Si02 layer. 
Alloys with a Mo/Si ratio greater than 0.5, on the other hand, have shown in- 
creased susceptibility for pest disintegration (McKamey et al., 1992). Numerous 
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studies on the mechanism of pest (Berztiss et al., 1992, Grabke and Meier, 1995, 
McKamey et al., 1992) have emphasized that any physical defects, such as pores 
and cracks, present in the bulk material play a major role in the occurrence of 
pesting: a dense, defect-free alloy will not pest, or will pest only after extremely 
long exposures (Chou and Nieh, 1993b). These reports are in good agreement 
with the observations made here. Not only does the composition of the alloys 
investigated lie on the Si-rich side of the line compound (Mo/Si=0.46 and 0.475 
for the 5 and 40% alloys respectively), but less cracking and porosity relative to 
the binary MOSi2 characterized the bulk of the examined alloys (Stergiou, 1996, 
Whiting and Tsakiropoulos, 1996). 
Given the potentially positive influence of these two factors on the behaviour 
of our alloys, clarification of the way Al additions affect the mechanism of pest 
disintegration becomes more difficult. The fact that no accelerated oxidation oc- 
curred, indicates that the oxide formed during the initial stages of exposure pre- 
vented any further attack on the alloy. Since Al has the greatest affinity for oxy- 
gen among the three elements (see section 6.5), it would be expected that all of 
it oxidized immediately, giving A1203- Silicon and molybdenum also tend to do 
the same, hence nuclei Of Si02 and M003 oxides also appear. The difference be- 
tween this case (Mo(Si, AI)2) and the binary MOSi2 could well be that the number 
of potential M003 nucleation sites on the exposed surface is reduced owing to 
the oxidation of Al. In this way the competition that exists between the oxides 
of Mo and Si is biased in favour of Si, which together with Al out-number the 
nuclei Of M003, Such a role played by Al is in agreement with the observations 
made by Yanagihara et al. (1996), who added a number of third elements (Al, Ta, 
Ti, Zr and Y) in MOSi2, and found that pest oxidation was suppressed in the case 
of elements with a higher affinity to oxygen than Si (i. e. Al, Ti, Zr and Y). A sim- 
ilar competitive nucleation mechanism can also explain why Si-rich Mo-Si alloys 
based on MOSi2 do not pest. 
The film that formed, therefore, on the Mo(Si, AI)2 alloys was mainly an A1203- 
Si02 scale, with the quantities of the two oxides varying according to the initial 
element concentration in the alloy (mainly Si02 on the 5 at% alloy, mainly A1203 
on the rest). Islands of probably an amorphous M003 (see below section 6.7.2, 
page 340) were also present in the scale, in significantly reduced quantities rela- 
tive to binary MOSi2- The A1203-SiO2 scale was apparently protective enough to 
inhibit any more oxygen from reaching the oxide/alloy interface. It is possible 
that the diffusion of oxygen through the A1203-SiO2 scale is slower than through 
a Si-Mo-O scale, due to the presence of Al (Yanagihara et al., 1997). When crystal- 
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lizationOf M003whiskers occurred after a certain time (corresponding to the in- 
cubation time of pesting), stresses developed in the scale. Additional stresses re- 
sulted from the volume expansion associated with the formation of metal oxides, 
highest in the case0f M003 (Pilling-Bedworth ratio -PBR- equal to 3.24, i. e. the 
oxide has more than three times the volume of the metal) and lowest in the case 
of A1203 (PBR=1-28); SiO2has a PBR=2.15. Apparently, the lessM003 forms, the 
less stresses will be experienced by the mixed oxide scale. This is important at the 
low temperature of 500'C, where oxides are generally less plastic and deformable 
relative to higher temperatures, and therefore can accommodate the stress fields 
with more difficulty. From this perspective, Al is beneficial because it reduces the 
sources of stress. In addition to this, Al might also act towards improving the 
plasticity of the mixed oxide scale, by decreasing its softening temperature and 
thus making it more capable of sustaining stress. 
Intermediate-temperature oxidation 
Both the Mo(Si, AI)2 alloys examined in this work, displayed minimal weight 
changes during oxidation at 800 and 9500C (see figures 6.5 and 6.7). This be- 
haviour is similar to the one observed for MOSi2 and MOSi2 + 22.6 and 30 at% Al 
(Stergiou, 1996). XPS studies revealed that pure A1203 layers had grown on the 
alloys, while the amount of silicon and molybdenum oxides in them was negligi- 
ble (see figures 6.44,6.68 and table 6.12). 
At 8001C, the richer in Al alloys (22.6,30,40%) showed a slight increase in 
weight during the first hours of oxidation (see figure 6.5). Evidently the A1203 
layer that formed, being continuous and dense, sealed the surface of the alloys 
and prevented further oxygen from reaching the metal. On the contrary, the poor- 
est in Al (5%) alloy showed an initial small weight loss before reaching a plateau 
with no more weight changes. In this case, because the amount of aluminium was 
less, more time was necessary for the establishment of a continuous layer. Dur- 
ing this period, M003 had the opportunity to form and leave the surface of the 
specimen by evaporation. This rapid oxidation and evaporation stopped once the 
network of A1203 nuclei connected and formed a continuous layer. Further pro- 
motion of the oxidation reaction by diffusion of anion or cation reactants through 
the layer was very sluggish, as the temperatures involved were too low to activate 
these processes at an appreciable degree. 
At 9501C, the formation and evaporation of molybdenum oxide was more se- 
vere, therefore the competition between M003 and A1203 was more pronounced. 
Only the richest in Al alloy managed to form a protective layer quickly enough 
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to prevent any weight losses. In the rest of the cases, a small amount of weight 
was lost before a continuous A1203 layer was established and the loss of weight 
was stopped. A reaction between the two oxides, giving the mixed aluminium 
molybdate A12(MO04)3, can occur during oxidation at 950'C, as indicated by the 
DSC results (see section 6.4). It is possible that this oxide formed in the first stages 
of the experiment, but soon decomposed releasingMO03gas and A1203 (Kodash 
et al., 1990). 
High-temperature oxidation 
The thermodynamic analysis presented in section 6.5 showed that, at 14001C, 
A1203 remains the most favourable oxide on Mo(Si, AI)2, even when the mole 
fraction of Al is as low as 5 at%. As a consequence, at the initial stages of expo- 
sure of the free alloy surface to air, a-A1203 always forms by consuming selec- 
tively the Al present in the alloy. Formation Of Si02 and M003 can also occur, 
since the Gibbs free energies of both oxides are negative. However, the rapid 
evaporation of the latter and the rapid growth of A1203 soon lead to an effective 
sealing of the surface. Provided that the alloy contains enough Al to sustain the 
growth of this oxide, no more silica or molybdenum oxide will form. The pure 
A1203 layers observed on the alloys with 22.6,30 and 40 at% Al indicate that in 
all these cases sufficient Al existed to support their growth. On the other hand, 
in the case of the 5 at% Al-containing alloy the quantity of aluminium. was ap- 
parently low, and after a certain time the matrix became depleted in Al. The Al 
activity thus decreased, and as a result the partial pressure of oxygen at the al- 
loy/oxide boundary increased. Oxidation of silicon then became possible. Since 
mullite is expected to appear before (at lower oxygen partial pressures than) Si02, 
it is very likely that, towards the end of the alumina growth stage, Al and Si ox- 
idized together and formed mullite until the supply of Al ceased. At this point 
pure tridymite Si02 started growing (see figures 6.88 and 6.89). The possibility of 
mullite forming via reaction of part of this Si02 with part of the already existing 
A1203, cannot be excluded either. In fact, it is most likely that some mixed oxide 
formed this way, too. 
The critical Al content in MOSi2 that is required to maintain the growth of an 
external pure A1203 layer appears to be somewhere between 5 and 22 at%. Ac- 
cording to the theory of Wagner, this critical concentration can be calculated using 
equation 2.9. However, to the author's knowledge, no oxygen and aluminium. 
diffusion data in MOSi2 and its alloys with Al are available, which makes the 
calculation of the above critical concentration impossible. Nfitra and Rama Rao 
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(1999) found that almost pure A1203 (with very few pocketsOf Si02 in it) ap- 
peared onMOSi2+ 9.9 at% Al upon oxidation at 12001C. This alloy was produced 
using vacuum hot pressing of powders and part of its microstructure was taken 
up by alumina islands, as a result of the reduction of silica impurities by the 
added aluminium (see section 2.4.2). Although the Al that was in solid solution 
in the alloy matrix was not reported by the authors, it can be concluded that 
the critical concentration for maintaining a protective alumina layer during high- 
temperature oxidation lies close to the lower end of the above range (5 - 22 at%) 
rather than the higher end. 
Depletion of aluminium from the alloy matrix is expected to result in the de- 
velopment of aMO5Si3 layer adjacent to the surface oxide layer, according to the 
Mo-Si-Al ternary phase diagram (figure 4.66). Such a layer was observed in most 
of the areas of theMOSi2+ 5 at% Al alloy, and in theMOSi2+ 22.6 and 40 at% Al 
alloys. On the contrary, noM05Si3 layer could be found in the case0f MOSi2+30 
at% Al. Stergiou (1996) proposed two possible explanations for this: (a) The Al 
content of the alloy with 30% was high enough to make insignificant the deple- 
tion of Al in the substrate; this was not the case for the alloy with 22.6%. (b) The 
former alloy was slightly off the stoichiometric composition, and Al pockets had 
been produced in the microstructure. These pockets acted as reservoirs for the 
losses of Al due to oxidation and preserved the stoichiometry of the substrate al- 
loy matrix. The results of the present study contradict the first explanation, since 
the even richer 40 at% Al alloy was not prevented from developing a Mo. 5Si3layer. 
Therefore, the mechanism proposed in the second explanation of Stergiou seems 
to be the real reason for the lack of formation of this layer in theMOSi2+ 30% Al 
alloy. One should expect that absence of Al pockets from the alloy microstructure 
would lead to formation Of MO5Si3 during isothermal oxidation. 
Regarding the MOSi2 + 5% Al alloy, one can explain the existence of the M05Si3 
layer in some areas and its absence in others as follows: because the Al contained 
in the matrix is low, its diffusion towards the surface and the subsequent oxida- 
tion did not change the matrix stoichiometry significantly. Therefore, no Mo5Si3 
was formed under A1203. The appearance and growth Of Si02, however, led to 
consumption of Si from the matrix, which in turn was destabilized by giving the 
next richer in Mo intermetallic, i. e. MO5Si3. Areas such as the one shown in the 
micrograph of figure 6.90 depict the first stage of this process. Areas such as the 
one shown in the micrograph of figure 6.89 result from the synergistic effect of 
both stages. 
A final comment on the presence or not of an intermediate MO5Si3 layer in 
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the alloys under investigation concerns the evaporation0l M003. As it has been 
discussed earlier (sections 2.6.2 and 6.3), oxidation of binaryMOSi2at high tem- 
peratures is probably accompanied by depletion of Mo from the alloy matrix, 
due to evaporation0f M003 through theSi02 layer. In this way, the loss of Si 
is balanced and noMO5Si3 appears under the oxide scale. The observations of 
Stergiou (1996) for bina1yM0Si2 (noMO5Si3 layer) are in agreement with tl-ds 
phenomenon, and can be explained by it. In the case of temaryMOSi2alloys with 
Al, such a phenomenon does not seem to play an important role. The interme- 
diate layerOf M05Si3 is always present (unless other factors cause the opposite), 
therefore Mo loss does not seem to occur through the oxide scale. In this respect, 
alumina appears to be more effective as a protective scale than silica, by eliminat- 
ing the evaporation0f M003- 
Oxygen diffusion through theSi02oxide scale is generally believed to be the 
process controlling the oxidation rate of unalloyedMOSi2 (Bartlett et al., 1965, 
Maruyama et al., 1993). Things are not as clear for the Al-alloyedMO%: an 
overview of the previous studies (section 2.6) reveals that various mechanisms 
have been proposed as rate-controlling. The operation of different mechanisms 
in different cases is mainly reflected in the large scatterband of rate constants re- 
ported, and in the disagreement whetheritiS MOSi2or its alloys with Al that have 
better oxidation resistance. Differences in processing conditions, alloy purity and 
microstructure, surface morphology and defects are largely responsible for this, 
as is the amount of Al additions. No definite relationship between these param- 
eters and the mechanism of oxidation has been established to date. Yanagihara 
et al. (1993,1995) found that the addition of Al toMOSi2reduces its oxidation re- 
sistance, and that higher Al contents lead to faster oxidation rates; they proposed 
that, at temperatures lower than 1595'C the reaction is controlled by the dfffu- 
sion of Al atoms through the intermediate layerOf M05Si3, while at temperatures 
higher than 1595'C it is the oxygen diffusion through theSi02+A1203 scale that 
becomes rate-controlling. Kodash and Fergus (1999) reported an opposite trend, 
i. e. better oxidation resistance0f MOSi2 + Al alloys thanMOSi2. According to 
them, this improvement can be attributed to the fact that the activation energy of 
oxygen diffusion in a-A1203 (636.4 kj/mol) is much higher in comparison with 
that inSi02 (121.4 kj/mol), hence the growth of the former scale is slower than 
the latter. Finally, Mitra and Rama Rao (1999) found that low Al alloying addi- 
tions increase the oxidation rateOf MOSi2, and attributed this to the permissive 
nature of the oxide scales which allowed inwards diffusion of oxygen. Based on 
their study and on previous ones, they proposed three regimes of Al concentra- 
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tion: (a) very small (<1 at%), (b) small and intermediate (1-29 at%), (c) large (>30 
at%). It was suggested that Al improves the oxidation resistance in the regimes 
(a) and (c), but does not contribute in the same way in the regime (b). 
Stergiou (1996) found that his observations at 1400'C were in agreement with 
those of Yanagihara et al. (1993,1995). Where aMO5Si3 layer had formed(MOSi2 
+ 22.6% Al), worse behaviour than unalloyedMOSi2was exhibited, and the dif- 
fusion of Al through this layer was proposed to be the rate-controlling process. 
Where theMO5Si3 layer was absent (30%), better resistance was exhibited due to 
the slow diffusion of oxygen through the A1203 scale. The results of the present 
study, however, do not conform to this pattern. Both the examined allOYS (MOSi2 
+5 and 40% Al) displayed better oxidation resistance than the unalloyedMOSi2, 
and both formed a layerOf M05 Si3 - If diffusion through the latter was indeed the 
rate controlling process, then higher oxidation rates would have been observed. 
Moreover, the similar values of the parabolic rate constants of the alloys with 5, 
30 and 40 at% Al (see table 6.1) prove that the oxidation rate is independent of the 
presence of aMO5Si3 intermediate layer. Considering that the crystal structure of 
the T1 phase (as of all 5-3 silicides) is much more open than that of theC11bor the 
C40 phase (disilicides), diffusion of Al atoms towards the alloy/oxide boundary 
should be quite rapid and not seriously inhibited by this layer. 
From the above discussion, and given that the parabolic law was approxi- 
mately followed by the alloys, it seems more likely that the oxidation rate of 
Mo(Si, AI)2 alloys is controlled by the outwards diffusion of Al+3 ions through 
the a-A1203 oxide layer. Alumina is a n-type oxide and possesses a surplus of 
cations, i. e. it is like a semiconductor with defects in the cation sublattice (cations 
in interstitial positions). This means that a concentration gradient exists through 
the scale, with a maximum at the alloy/oxide interface. This gradient drives the 
Al +3 ions to the oxide/gas interface where they react with oxygen. The activation 
energy of Al diffusion in A1203 is 477 kj/mol, and it has been found by Kodash 
et al. (1990) to be in good agreement with the activation energy of oxidation of 
MOSi2+ 13.3 at% Al. Even if 0-2 ions start diffusing towards the alloy/oxide in- 
terface, noSi02 or M003will form: oxidation of Si and Mo is thermodynamically 
disadvantageous relative to Al, due to the fact that the oxygen partial pressures 
necessary for the formationOf Si02andMO03are much higher in comparison to 
A1203 (section 6.5). In any case, the Al +3 ion flux through A1203should be higher 
than the 0-2 one, as indicated by its lower activation energy and higher self- 
diffusion coefficient (Doychak, 1994). This mechanism probably changed only in 
the alloy with 5 at% Al, when the Al was depleted from the substrate and the 
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inwards flux of 0' ions through the scale became dominant, leading to reaction 
with Si. 
The overall conclusion that can be drawn from this discussion is that the 
Al-alloyedMOSi2 is equally or more oxidation-resistant than the binaryMOSi2 
throughout the temperature range examined. The only exception was found in 
the oxidation of theMOSi2+ 22.6 at% Al alloy at 14000C. If this behaviour is not 
due to coincidental factors (increased surface defects and roughness, porosity or 
cracking), then it is possible that the Al concentration regimes proposed by Mitra 
and Rama Rao (1999) exist, but with different limits: (a) Al < 5-6 at%, (b) Al be- 
tween 5-6 and 28-29 at%, (c) Al > 29 at%. Investigation of the behaviour of more 
alloys in the second regime is required in order to clarify whether they are indeed 
less oxidation resistant and why. 
6.7.2 Mechanisms of oxidation in multiphase Mo-Si-Al alloys 
Low-temperature regime 
The results of oxidation of alloys 1 to 5 at 500'C (see figure 6.1) lead to several 
interesting observations concerning the behaviour of molybdenum aluminosili- 
cides in the low temperature regime. The most striking observation concerns the 
fact that alloys 2,3 and 4 did not show any signs of accelerated or pest oxidation, 
but instead gained a small amount of weight and then stabilized. The pesting 
phenomenon that so distinctly characterises MOSi2 (the most Si-rich and oxida- 
tion resistant of the molybdenum silicides) at this temperature, was absent in 
alloys whose microstructure consisted exclusively (or mainly) of Mo-rich phases 
such as the Mo, 5(Si, AI)3 and the M03(Si, Al). Moreover, the thin oxide films that 
formed on these alloys contained little A1203 (see table 6.13). On alloy 2 the ma- 
jor oxide was Si02 (see figure 6.29a and table 6.13), while on alloy 3 it was M003 
(see figure 6.30). Alloys 1 and 5, on the contrary, disintegrated to powder during 
repeated experiments. The T1 and the C40 phases, which did not lead to pesting 
in alloys 2 and Mo(Si, AI)2 respectively, were susceptible to pest oxidation when 
combined in alloy 1 (see figure 4.2). In alloy 5, the T1 phase was present along 
with the C54, but the majority of the microstructure was occupied by the M03AI8 
compound (see figure 4.47). None of these observations has been reported before, 
since this is the first time that oxidation of multiphase alloys consisting of the T1, 
A15 and M03AI8 phases was carried out in air at 5000C. 
During a study of the oxidation behaviour of multiphase Mo-Si-B intermetal- 
lic alloys, Meyer et al. (1999) claimed that a not well crystallized (amorphous) 
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molybdenum oxideM003 formed, among other products at 600'C. The common 
feature between their alloys and alloys 2 and 3 of the present study is that in both 
cases the major phases involved are the T1 and the A15. Upon increasing the 
oxidation temperature to 633"C, M003 crystals were seen growing around the 
pockets of pure molybdenum oxide, and even further increase to 7501C led to the 
onset of MoO3 sublimation. Although the experiments of the present study in- 
volved molybdenum silicides with a different alloying element and were carried 
out at a lower temperature than the experiments of Meyer et al. (1999), similar- 
ities seem to exist regarding the nature and the behaviour of the molybdenum 
oxide. 
The increase in weight that occurred during the first hours of oxidation of al- 
loy 3 (see figure 6.1) resulted from the formationOf M003 (see figure 6.30). The 
fact that selective oxidation of Si (or Al) did not take place can be attributed to 
two factors: (a) the activity (concentration) of Mo in this alloy is much higher 
compared to Si and Al; (b) the diffusion of Si in the molybdenum silicides be- 
comes slower as the Mo content increases: indeed D'i > Dsi > Dsi AfOSi2 AfO5Si3 M03Si" 
(Bartlett et al., 1965, Tortorici and Dayananda, 1999). Since less Si (and Al) atoms 
are available at the alloy surface, and since only a small flux of new Si atoms 
is moving towards it, oxidation of Mo becomes preferable, andM003 forms on 
the alloy. This oxide is probably amorphous, and the following arguments are 
proposed in support of this conclusion: 
Meyer et al. (1999) found some not well crystallized (amorphous)MO03on 
A15 and Tl-rich alloys oxidized at low temperatures (see above). 
An oxide which has a small thickness and forms at a low temperature is 
usually amorphous. Felilner and Mott (1970) put forward structural criteria 
determining which oxides are glass-fon-ning and which are not. According 
to them, oxides of the form M03 are probable glass formers, while the M02 
oxides can form glasses only if oxygen tetrahedra exist around each metal 
atom (as is the case in Si02)- 
The fact that no weight loss occurred during the first hours of oxidation of al- 
loy 3, means that no evaporation of MoO3 took place at 5000C. This result is 
in agreement with the DSC studies (section 6.4), which showed that measur- 
able loss of weight (i. e. M003 sublimation) does not begin until above 800I)C. 
Melsheimer et al. (1997) also reached the same conclusion when they used in 
situ X-ray diffraction to study the oxidation productsOf MOSi2between 300(' and 
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13500C. They discovered thathigh M003counts appeared at temperatures below 
6001C, but not above. 
Evidently, the MoO3 found onMOSi2 (as well as on alloys 1 and 5) after pest 
oxidation is in crystalline and not amorphous state. If, as suggested above for 
alloy 3, the molybdenum trioxide forming onMOSi2 (and on alloys 1 and 5) is 
initially amorphous, its crystallization to whiskers must be occurring at a later 
stage. Fragmentation to powder, i. e. pesting, is the rupture induced by growth of 
these whiskers within the oxide scale and the physical defects of the bulk alloy. 
The question, why such a transformation (divitrification and growthOf M003 
whiskers) did not occur in the case of alloy 3, remains unanswered. Differences 
in the stress fields present in the oxide scale may very well lead to different crys- 
tallization behaviour. Furthermore, differences in the chemistry of the oxide scale 
will also result in different crystallization behaviour. Such differences are the ex- 
act stoichiometry of the molybdenum oxide MoO.,, 2<x<3, as well as the relative 
amounts of the three elements in the alloy's microstructure. Comparison of the ef- 
fective Mo/(Si+Al) ratios of all the alloys studied in the present work (table 6.17), 
shows that pesting was observed when 0.50<R<1.23. Study of the behaviour of 
more alloys within this region, and of the crystallization behaviour of Mo-Si-Al- 
0 oxide scales at low temperatures, is essential in order to clarify the role of this 
factor in the phenomenon of pest. 
Whatever the reasons for the above differences may be, it is suggested that 
the preservation0f M003in an amorphous state is precisely what keeps the rates 
of oxidation of alloy 3 low, since the continuity of the initial oxide scale is not 
disrupted and accelerated oxidation is prevented. Given more time than the 
170 hours examined in this study, crystalsOf M003may grow in an apprecia- 
ble amount and lead to further oxidation. The oscillations in the alloy's weight 
gain that were observed after the first 60 hours, are periodic in nature and arise 
possibly from experimental factors (small variations in temperature). In the case 
of alloys 1 and 5, pesting took place with different rates (table 6.1), probably re- 
flecting different rates of growthOf M003crystals from the initial scale. A smaller 
amount of physical defects in alloy 5 relative to alloy 1 might also be responsible 
for its slower oxidation kinetics. 
A thinSi02 film with someM003 and minimum A1203 formed on alloy 2, 
while on alloy 4 the film contained in its majoritySi02and increased quantities 
of the other two oxides (see table 6.13). The correlation between the surface layers 
and the alloy microstructures was probably the following: 
0 M05Si3formed bothSi02and MoO3, with the first in much higher amounts 
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than the second. Such a scale was also identified on the T1 phase in the 
pest oxidation product of alloy 1 (see EDX spectrum in figure 6.38). Meyer 
et al. (1999) reported a mixedSi02+MO03 scale appearing over this phase 
at 600"C. 
M03Siformedonly M003- 
M03A18 formed mainly A1203, although a small quantity0f M003 cannot 
be excluded. 
Based on these, one can explain the overall oxide scale compositions found on 
alloys 2,3 and 4. Since the matrix of alloy 2 was the Ti phase, formation of aSi02 
scale, which also contained (less) MoO3, is reasonable. Some of theM003 is also 
the product of oxidation of the A15 phase, which exists in the microstructure in 
the form of islands (see figure 4.13). Alloy 3 formed an almost pureMO03scale, 
owing to the fact that its microstructure is dominated by the A15 phase. Finally, 
in alloy 4 things are similar to alloy 2, with the additional increased presence of 
A1203. Alumina is resulting from theMOA18phase, which constitutes the matrix 
of the alloy and occupies a larger volume fraction. 
'nie reason behind the absence of accelerated oxidation and pesting in alloys 
2 and 4 is probably related to the fact that small quantitiesOf M003 formed al- 
together during the oxidation reaction (the same reasoning that was used when 
explaining the behaviour of ternary Mo(Sij _,, Al., )2alloys). It should be noted that 
the only other report of oxidation studies in the low-temperature regime studied 
here is by Bartlett et al. (1965), who oxidized single-phaseMO5Si3at 4861C under 
pure02atmosphere. A protective scale did not form in that case, instead there 
was a rapid increase in weight, with the alloy gaining 5 Mg /CM2 in five hours. 
Unfortunately, no further information is given regarding the composition of the 
oxides formed. Therefore, no comparisons or useful conclusions can be drawn 
from their report, except that the increase of the oxygen partial pressure affects 
the formation or not of a protective oxide scale. 
Summarizing the above discussion on the oxidation behaviour of Mo(Si, AI)2 
and of multiphase Mo-Si-Al alloys at the low-temperature regime, and taking 
into account the findings of previous studies, the following mechanism is pro- 
posed for the occurrence or not of pesting. At the initial stages of oxidation, a 
competition exists for the formation of Mo-, Si- and/or Al-oxides; these oxides 
may appear pure or mixed and they form in an amorphous state. Depending on 
the composition of the alloy and its microstructural features (phases present and 
their distribution), two possibilities exist: 
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1. If the oxidation of Mo is restrained to a minimum during the initial stage, 
then pesting is suppressed because formationOf M003is a necessary condi- 
tion for it to occur. Tile Si-Al-0 oxide scale that forms is protective and does 
not allow (for thermodynamic reasons) oxidation of Mo at a later stage. This 
was the case in alloys 2 and 4, as well as in the Mo(Si, AI)2alloys: their oxide 
scales containedlittIC M003. Even if this M003 crystallized later in whisker 
form, its low quantities and/or tile increased plasticity of the Si-Al-0 layer 
minimized tile consequences for the protectivity of the oxide scale. 
2. If, on tile contrary, the oxidation of Mo is not avoided (as was the case for 
alloys 1,3 and 5), then the occurrence of accelerated oxidation and eventu- 
ally pesting depends on two crucial factors: (a) the crystallization of MoO3 
whiskers from tile initially amorphous oxide scale, and (b) the existence of a 
significant number of physical defects (pores and cracks) in the surface and 
matrix of the alloy. If the former is largely avoided or delayed (alloy 3), then 
no pesting is observed, or it is significantly delayed. If, however, the molyb- 
denum trioxide crystallizes (alloys 1 and 5), then its needle-like crystals will 
break the initial oxide layer and allow more oxygen to reach the unprotected 
alloy surface. 'I'lie oxidation reaction will thus be sustained. In the presence 
of an increased amount of defects, oxidation will be accelerated since more 
alloy surface will be available: M003 will grow in pores and cracks and 
will break the alloy in pieces. The brittleness of these intermetallics acts in 
favour of this process. In a fully dense alloy, oxidation in pores and cracks 
cannot happen, and tile only way for the reaction to proceed is via rupture 
of tile external scale. This is a much slower process. Apparently, the in- 
cubation period of pesting corresponds to the time required for the M003 
whisker-like crystals to grow and rupture the initial external scale. 
The low volatility0f M003 at these temperatures (relative to temperatures higher 
than 650-7000C) is responsible for the preservation of this oxide within the oxide 
scale and its negative effects. Factors that could potentially affect this volatility 
(for example, the presence of water vapour in the oxidizing medium) will in- 
evitably alter tile mechanism of oxidation and the overall behaviour of the alloy. 
Intermediate-temperature regime 
The exposure of alloy 1 in static air at 800 and 9501C did not lead to intense oxi- 
dation phenomena, and minimal weight variations were recorded (see figures 6.4 
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and 6.6). This was also the case for alloy 5 at 800'C but not at 950'C, where se- 
vere oxidation took place, accompanied by mass loss. The accelerated oxidation 
that was absent from alloys 2 and 3 at the low-temperature regime, occurred in 
the intermediate-temperature regime, with massive loss of weight and formation 
of thick, non-protective, multicomponent oxide scales (see figures 6.48 and 6.55). 
Finally, alloy 4 exhibited a behaviour that could be classified somewhere between 
that of alloy 1 and alloys 2 and 3. From a microstructural Point of view it is inter- 
esting to note that, with the T1 phase being common between all the examined 
alloys, alloys 1 and 5 contained the Mo-poorest C40 and Mo3A18+C54 phases re- 
spectively, alloys 2 and 3 contained the Mo-richest A15 phase (as a second phase 
in the former and as a major phase in the latter), while alloy 4 combined both 
theM03A18 (poor in Mo) and the A15 (rich in Mo) phases (see table 4.16). This 
comparison between microstructures and oxidation behaviour reveals a pattern 
regarding the influence of the various phases on the oxidation of Mo-Si-Al mul- 
tiphase alloys. This pattern can be instructive for future alloy design, despite 
the few deviations that are present in it (for example, the behaviour of alloy 5 at 
950'C). 
Although alloy 1 contained the T1 phase, which in its monolithic form is 
known to oxidize severely at 8001C in a manner almost analogous to pesting 
(Meyer and Akinc, 1996b), it did not exhibit a similar behaviour. Instead, a thin 
Si02 layer grew adjacent toMO5Si3, without any trace of Mo or Al in it (see fig- 
ures 6.45 and 6.46a). The absence of Al is reasonable, since less than 1 at% Al 
was contained in the phase. The absence of Mo indicates that, upon creation of 
a continuous network Of Sio 44 tetrahedra, complete sealing of the exposed sur- 
face was achieved, leading to the suppression of Mo oxidation. The subsequent 
growth of the layer was very slow due to the low diffusivities of the Si atoms in 
the substrate and of the oxygen ions in the oxide. A similar process is responsible 
for the formation of alumina and mullite on the other phase of the alloy, i. e. the 
C40-Mo(Si, AI)2. Again, very slow growth rates were followed, this time with Al 
oxidizing selectively first (formation of A1203is thermodynamically favourable), 
followed by Si. The excellent adherence between the oxide layers that grew on 
the two neighbouring phases is attributed to the fact that alumina and silica can 
react and give compound oxides (in this case mullite). 
A behaviour analogous to that of alloy 1 was exhibited by alloy 5 at 8001C (see 
figure 6.63). A layer of tridymite Si02, also containing about half as much A1203 
distributed in it uniformly, formed on the Mog(Si, AI)3 phase and consumed it by 
following exactly its boundary with the M03AI8 matrix. The presence of A1203 
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in the scale is expected, since the T1 phase of this alloy contained a significant 
amount of Al in solid solution (approximately 11 at%, see table 4.14). Oxidation 
of both elements took place, with the composition of the resulting mixed oxide 
(Si/Al ratio equal to 2.31) following that of the parent phase (Si/Al=2.53) closely. 
Molybdenum oxidized only in the beginning and a small degree of MoO3evapo- 
ration took place (hence the initial small weight loss), but after connection of the 
Si02-AI203oxide nuclei the surface became protected and growth of the scale was 
possible only through ion (AI+3, Si+4 cation and/or 0-2 anion) diffusion through 
it. The inwards advancing alloy/oxide interface, as well as the presence of a 
smalIM05Si3+dissolved oxygen zone under it, show that the ionic species that 
diffused and maintained the oxide growth was 0-2. Whenever the oxide reached 
the matrix the oxidative reaction ceased. The inclusion of A1203 in it reduced the 
rate of oxidation only marginally relative to alloy 1 at 8000C and 9500C (see table 
6.1), since the interstitial positions in the SiOZ4 Structure, through which oxygen 
diffuses, were still present in large amounts. On the areas where theM03A18ma- 
trix or theM03AI8+ C54-Mo(Si, AI)2 eutectic structure were present, a very thin 
a-A1203 layer formed (see figure 6.67). These phases are Al-rich and have no (or 
very little) Si in them, therefore a slow-growing, protective alumina scale is ex- 
pected to form. Oxygen also moved inside any cracks that reached the initially 
exposed surface, or that existed in the interior of the sample, and formed alumina 
and silica. 
The behaviour of alloy 4 was very consistent with the above, when oxidized 
at 8000C (see figures 6.59): 
On the Mo, 5(Si, AI)3 phase, Si02 and dissolved A1203 (corundum) formed 
with an Al/Si ratio similar to the one in the parent phase. 
* On the M03AI8 phase, A1203 (corundum) formed. 
The mechanism of oxide formation does not differ in this case. However, the 
depth of oxide advancement was larger than that seen in alloy 5, and this is also 
reflected in the larger oxidation rate observed (table 6.1). The M003 evaporation 
was more pronounced too (table 6.2), as reflected in the net mass loss recorded 
by the thermal balance. Since the only difference between the two alloys is the 
third phase present in them (A15 and C54 for alloys 4 and 5 respectively), one 
can conclude that the reason behind the worse behaviour exhibited by alloy 4 is 
the A15 phase. Molybdenum oxide formed on this phase during the first hours 
of oxidation and disrupted the continuity of the Si02-AI203 scale, allowing faster 
access of oxygen in the unoxidized alloy. Subsequent evaporation led to mass 
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loss until the whole A15 phase was consumed and the oxide scale became con- 
tinuous. When the diffusing oxygen reached another island of A15, MoO3was 
again produced, and the large volume expansion together with the high vapour 
pressure probably ruptured the extemalSi02-AI203 scale and led to further ox- 
idation. The observation of cracking and spalling of the oxide scale in several 
areas (see figure 6.60) is the evidence supporting this mechanism, as well as the 
absence of the A15 phase from the oxidation-affected zone. 
Even more intense was the mass loss of alloy 2 at the same temperature (i. e. 
800'C). The observed oxide scale structure, as well as the structure of the al- 
loy/oxide interface (see figures 6.48 and 6.52 respectively), reveal the various 
stages by which the oxidative reaction occurred. Initially, exposure of the alloy 
surface in air led to oxidation of all three elements and appearance of A1203, Si02 
andMO03nuclei. Because sufficient quantities of these nuclei were present, a 
series of reactions produced the mixed oxides seen at the outer part of the oxide 
scale: 
1. A1203 + M003 -+ Mo-AI-O mixed oxide 
2. A1203 + Si02 -4 
3Al2O3.2SiO2 
Based on the phases present in the alloy's microstructure (i. e. T1, A15, M03AI8)1 
it is proposed that Si02 mostly nucleated (together with some M003) on the T1 
phase, M003 mostly nucleated on the A15 phase, while A1203 appeared on both 
phases, as well as possibly on the third minor M03AI8 phase. Decomposition 
of the Mo-AI-0 white oxide and evaporation of the volatile at this temperature 
M003 was the next stage of the oxidation process. Alumina was left behind, 
either mixed with tridymite silica or (after reaction) as mullite. Naturally, no con- 
tinuous and coherent oxide layer could be established on the alloy during this 
stage. Therefore, no protection of the exposed surface was possible, and diffusion 
of oxygen towards it was uninhibited. This series of reactions continued until 
Al (which was present in the lowest quantity) became depleted from the matrix, 
and the flux of Al atoms arriving to the alloy/oxide interface was significantly re- 
duced. The occurrence of this depletion can be seen in the linescan in figure 6.53, 
where the Al counts increase only after a certain depth into the alloy. From this 
point onwards, nucleation Of Si02 became dominant and the main inner part of 
the scale seen in the micrograph 6.48a grew. The alloy/oxide interface structure 
is very representative of the mechanism: dissolution of oxygen in M05Si3 was fol- 
lowed by oxidation of Mo and Si. The Mo-Si-O layer thus produced soon became 
CHAPTER 6: Studies of the oxidation behaviour of Mo-Si-Al alloys 345 
saturated inMO03, which formed little islands and eventually evaporated, leav- 
ing voids and paths for further oxygen transport and continuation of the reaction. 
The white islands in the inner oxide layer were produced in a manner identical to 
the one mentioned above. The cracks that were observed mainly perpendicular 
to the alloy and oxide surface (see figure 6.48a), are probably due to thermal and 
growth stresses that inevitably develop in such a thick scale. 
The oxide scale that formed on alloy 3 at 800'C was thicker than alloy 2, as 
less severe evaporation0f M003 took place. These differences are accordingly re- 
flected in the parabolic and evaporation rate constants of the two alloys (tables 6.1 
and 6.2). Like in the case of alloy 2, initial exposure led to nucleation of all three 
oxides, but with the A15 phase being the major component of the underlying mi- 
crostructure, theMO03nucleated in much higher quantities than in alloy 2. Silica 
was also much less due to the reduced concentration of Si in alloy 3. As a result, 
instead of a mainSi02 scale, there formed a Mo-Al-0 mixed oxide (similar to 
the one in alloy 2). EvaporationOf M003from it maintained the initial mass loss 
(i. e. the one that occurred before the mixed scale formed) by leaving many voids 
and cracks in the scale and preventing it from becoming protective. Mullite was 
produced when the remaining A1203 reactedWith Si02. Thus, the outer layer of 
mullite represents areas where complete evaporation of molybdenum oxide has 
occurred. UnreactedSi02 formed islands within the main scale. 'fhe numerous 
solidM003 crystals dispersed throughout the scale probably resulted from con- 
densation of trapped gaseousMO03, that occurred when the sample was cooled 
to room temperature after the end of the experiment. The highest presence was 
noted near the oxide/alloy interface, where a structure reminiscent of the one in 
alloy 2, had developed (see figure 6.55c). 
The fact that in the above alloys (2,3 and 4) weight loss commences as soon 
as the sample is brought to temperature, shows that formation and evaporation 
Of M003 from the initial, unoxidized alloy surface is immediate in all of them, 
dominating over the simultaneous formation of the oxides of Si and Al. Before 
the development of an oxide scale, oxygen has uninterrupted access to the alloy, 
while the produced gaseousMO03can easily diffuse away from it; the rate of the 
oxidation of Mo during this period depends on the number of potential molyb- 
denum oxide nucleation sites (concentration and activity of Mo in the alloy) as 
well as on the rate of the actual oxidative reaction. As soon as an oxide scale is 
established, processes such as the inwards diffusion of oxygen and the removal 
of the gas product become important. 
In general, the process controlling the oxidation rate in the case of an alloy 
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which exhibits mass loss through evaporation of a volatile oxide, can be one of 
the following: 
9 Diffusion of the oxidant (oxygen) through the gas boundary layer (air) and 
scale to the reaction interface. 
e The oxidative reaction. 
Diffusion of the reaction gas product out through the scale or gas boundary 
layer. 
If the transport of oxygen was the rate-limiting process, then the A1203andSi02 
formation reactions would fix the oxygen partial pressure Po, at values too low 
for M003 to form (oxidation of Mo requires higher Po, than Al and Si). This 
means that no mass losses would occur during the oxidation, which is not the 
case here. If the diffusion0f M003(g) through the oxide scale is the rate-limiting 
process, then there should be a concentration gradientOf M003(g) across the scale, 
with the high concentrations being in the interior of the scale. If the diffusion of 
M003(g) through the gas boundary layer is the rate-limiting process, then there 
should be a uniform concentration gradientOf M003(g) across the scale. Finally, 
if the oxidative reaction is the rate-limiting process, then there should be no such 
concentration gradient in the scale (Meyer and Akinc, 1996b). All these concen- 
tration gradients would be manifest on cooling as condensed-phaseMO03(, ) con- 
centration gradients. Examination of the oxide scale on alloy 2 did not reveal any 
concentration gradientOf M003(, ). Therefore, it can be concluded that its oxida- 
tion rate was controlled by the actual oxidative reaction. On the contrary, in alloy 
3 crystalsOf M003(, )were present, mostly near the unoxidized alloy and less to- 
wards the outer oxide scale surface. This indicates that in alloy 3 the oxidative 
reaction is fast, and that the outwards diffusion of theMO03gas through the ox- 
ide scale controls the oxidation reaction. The different rate-limiting mechanisms 
in the two alloys are explained considering that the A15 phase dominated the mi- 
crostructure of alloy 3, while the T1 phase dominated the microstructure of alloy 
2: being more Mo-rich, the former forms molybdenum oxides much more readily 
than the latter, therefore the evolution0f M003(g) becomes more important than 
its formation reaction. 
During oxidation at 950'C, the evaporation phenomena0f M003are expected 
to be more intense relative to 8001C, since the temperature lies between the melt- 
ing (8021C) and the boiling point (11550C) of this oxide. Indeed, faster oxidation 
kinetics were indicated both by the average linear rate constants (table 6.4) and 
the Grabke and Brumm. model (tables 6.1,6.2). 
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The oxide scale structure observed on alloy 3 (see figure 6.74) appears to be 
the natural continuation of the one seen at 80010 massive decomposition of the 
bulk Mo-AI-0 white oxide seen there (much more than the one that was already 
happening at that temperature) would mean practical disintegration of the oxide 
scale, and this was exactly the result of oxidation at 9501C. Remains of an Al-lean 
(relative to the alloys 2,3 at 800'C and alloy 5 at 9501C) white oxide were still 
visible, always placed on the outskirts of the mullite islands (see figure 6.75a). 
They provide evidence for the process that fractures the oxide scale. Two tem- 
porary plateau in the isothermal oxidation curve (figure 6.6) mark periods when 
theM003 evaporation was interrupted or slowed down. The first plateau was 
observed one hour after the start of the experiment and came from the built-up of 
an oxide layer which stopped the formation of pureMO03from the free alloy sur- 
face. This layer is the mullite seen at the outer part of the scale. A few hours latter 
the second stageOf M003 loss began, when the white Mo-AI-O oxide that formed 
after mullite started decomposing. Large voids and routes for oxygen diffusion 
were created from this process and oxidation of the alloy was continued at an ac- 
celerated rate. The appearance of a second plateau is due to a similar process and 
happened when all the mixed white oxide had decomposed. The porous layer 
Of M002 that was found adjacent to the unoxidized alloy (see figure 6.75b) indi- 
cates that a different mechanism was operating in the oxidation interface at this 
temperature: formation of this oxide was followed by oxidation of Mo+' to Mo+', 
i. e. M003. This mechanism has been observed on other molybdenum containing 
alloys, such as Fe-Ni-Mo and Fe-Cr-Mo, which also undergo catastrophic attack 
(Birks and Meier, 1983). Alumina and silica must have formed during the two 
plateau periods, when the alloy became poor in Mo, and oxidation of Al and Si 
was more pronounced (at these periods theM002 layer probably did not exist). 
Oxidation of alloy 4 at 9501C occurred in exactly the same manner, with two 
differences: one of them concerns the beginning stage of the reaction, while the 
other is the absence of a mixed Mo-AI-O white oxide. The start of the reaction 
was different because oxide layer built-up occurred immediately, and managed 
to stop (or significantly reduce) the initialM003 formation. As a consequence, 
weight gain was observed in the first 7 hours (figure 6.6). The lower Mo content 
of this alloy is probably responsible for this change, which was only temporary. 
A protective scale could not be maintained by the alloy, therefore appreciable 
formation of volatileM003 started soon. No mixed oxide (like the one seen in 
alloy 3) formed in this case. 
Given that alloy 5 showed good oxidation resistance at 800'C, the catastrophic 
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mass loss that occurred at 9500C was unexpected. The plateau reached by the 
weight change curve after 80 hours was due to the fact that all the Mo contained in 
the specimen had oxidized and evaporated. Study of the oxide scale that formed 
on the alloy (after an experiment which was interrupted before total oxidation) 
revealed that active oxidation of Mo and Al was prominent around the sample. 
The non-adherent, fractured scale with the Mo-AI-O white mixed oxide at the 
edges of each separate layer (see figure 6.82), implies that, like in the case of alloy 
3, decomposition of the mixed oxide occurred leading to significant evaporation 
Of M003and "opening" of the scale. This mixed oxide was not present in as high 
quantity as in alloy 3 (consequence of the lower Mo content of alloy 5), and A1203 
and 3AI203-2SiO2were found in appreciable amounts. The alloy/scale interface 
showed that oxidation of Mo gave not onlyMO03but alsoM002, Which was 
probably oxidizedtO M003at a later stage. 
Exposure of alloy 2 at 950'C led to the development of an internal oxidation 
zone (figure 6.73). The distribution of the oxide particles in it is reminiscent of 
that of the A15 phase in the alloy's microstructure (figure 4.13). Evidently, it was 
the reaction of incoming oxygen with the Mo and the Si present in this phase that 
created the internal oxides. Oxidation of the T1 matrix took place independently 
from the A15, and gave the two layers found at the alloy/scale interface (M003 
and Mo-Al-Si-O), along with tridymiteSi02, Study of the layering (composition 
and morphology) that characterized the external scale (figure 6.72), reveals how 
the overall reaction proceeded. Mullite and corundum were produced from T1, 
mainly at the early stages of exposure; molybdenum oxide evaporated and the 
oxidation front was moving inwards, consuming the alloy. This process slowly 
exposed the internal oxides: MO03evaporated andSi02was left behind. Regions 
were thus created amidst the external scale, consisting of clusteringSi02islands. 
Following this "opening" of the structure, more unoxidized alloy surface was 
exposed and the oxidation continued, at an increasing with time reaction rate 
(see the isothermal- oxidation curve in figure 6.6). 
The oxide scale that grew on alloy 1 during oxidation at 9500C is reminiscent 
of the one that grew at 8001C. Owing to the increased temperature, the oxide 
growth in this case was more pronounced and occurred at a higher rate. The ox- 
idation product on the large T1 phase was again pureSi02 (see figures 6.69 and 
6.70), this time in a crystalline form (cristobalite). From the position of the al- 
loy/oxide interface, it becomes apparent thatSi02grew mainly by "consuming" 
theMO5Si3phase, therefore the inward flux of oxygen must have been higher 
than the outward flux of silicon. This means that the main reaction process in 
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this case was the diffusion of 0-2 through the existing oxide. The absence of 
Si depletion below it supports further this conclusion, by indicating that no (or 
little) outward diffusion of Si took place. In fact, some Si may have migrated 
towards the oxide/gas interface, because the silica scale had a mountain/valley 
morphology relative to the neighbouring oxide scale over the T1+C40 eutectic 
(figure 6.69a); however, this process was not the dominant one. The scale that 
formed over the T1+C40 eutectic was composed of A1203according to EDX anal- 
ysis, although XRD did not reveal any a-alumina peaks. Compared to 8000C, the 
major difference in this case is that A1203, besides the C40, also covers the T1 con- 
stituent of the eutectic structure. A reservoir effect, often observed in multiphase 
alloys (Brady et al., 2000), is probably responsible for this result. According to 
this effect, the Al contained in the Al-rich part of the eutectic can form and sus- 
tain a protective A1203 layer not only on C40-Mo(Si, AI)2, but also onM05Si3. The 
higher oxide viscosity and lower Al atom mobility at 8001C relative to 9500C ac- 
count for the absence of this effect at the lower temperature. In the case of the 
large T1 phase, the C40 cannot act as an Al reservoir since it is too small (and 
in too low a volume fraction) to provide an Al atom flux capable of suppressing 
the growthOf Si02. The elemental maps in figure 6.69b show that some A1203 
did exist at the edges of theSi02 scale, and indicate the average distance that 
can be covered with this mechanism: enough for the T1 part of the eutectic struc- 
ture, but far too small for the large T1. The mechanism of A1203 formation is via 
A1+3ingress at the oxide/gas interface. The large difference in thickness between 
the two scales is indicative of the difference between their growth rates, which is 
more pronounced at this temperature than at 8001C. 
High-temperature regime 
The tendency shown by alloy 1 at 9501C for independent oxidation of the phases 
present in its microstructure (large T1 and T1+C40 eutectic) was also exhibited 
at 14000C. As a consequence, the oxide scale had again two major parts, Si02 
"mountains" and A1203 + 3Al2O3-2SiO2 "valleys" (see figure 6.92). This time 
however, owing to the higher temperature involved, the Al flux required for 
growth of a protective alumina layer over the T1+C40 eutectic was larger than 
it was at 9501C. The simultaneous formation of A1203 both externally and inter- 
nally to the alloy (figure 6.93) indicates that the Al included in the C40 phase was 
insufficient to produce exclusive external A1203 scale. Oxidation of the Si present 
in the phase (C40) also became possible and mullite formed. The internal alumina 
islands follow the shape of the C40 phase and their growth occurred via inwards 
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diffusion of oxygen. At a later stage, the consumption (initially) of Al and (later) 
of Si from the C40 phase led to depletion of these elements and appearance of 
M05Si3. This latter, together with the T1 component of the eutectic and the large 
T1 phase, created the layer found under the external oxidation products. On the 
isothermal oxidation curve in figure 6.8 three occasions of sudden drop in mass 
gain are marked. Based on the fact that these drops are not vertical and occurred 
over a period of time, it was concluded that they were not due to scale spallation. 
It is rather more likely thatM003 evaporation occurred to some degree; since 
the mass losses were only temporary and mass gain restarted after them, it can 
be presumed that the formation of volatile molybdenum oxide occurred through 
cracks appearing in the scale, and that healing of these cracks via creation of new 
stable oxides led again to mass gain. 
The A1203 layer observed on alloy 5 (figure 6.108) was produced when the 
Al present in it oxidized selectively. The absence of Si indicates that the growth 
of the oxide was mostly sustained by theM03A18phase, which constituted the 
matrix of the alloy. A protective character was exhibited by this layer, and its 
growth rate was slow as revealed by the kp constant (table 6.1). Underneath it 
a thin Mo5(Si, AI)3 layer formed. Its high Si content means that the appearance 
of the layer was not due to Al depletion in theM03A18matrix; such a scenario 
would rather lead to formation of A15-MO3AI, which is the next lower intermetal- 
lic compound of the binary Mo-Al system. Therefore, another reason must be re- 
sponsible for the formation of this intermediate T1 layer. Careful examination of 
the oxidized sample revealed that no C54-Mo(Si, AI)2existed in the areas directly 
underneath the alloy/scale interface. This means that the C54 phase, wherever it 
was present, probably acted as an additional supplier of Al atoms at the oxidation 
interface, and participated in the growth of the external layer. Due to this action, 
it soon became depleted in Al and transformed to Mo, 5 (Si, AI)3. The fact that the Ti 
layer did not have a uniform thickness and displayed many protrusions attached 
to it, supports the above mechanism, and shows that the Mo. 5(Si, AI)3 thus pro- 
duced eventually linked with the preexisting Mo, 5(Si, AI)3 in the structure. An Al 
concentration gradient was created in this way(M03A18 --ý M05(Si, AI)3-+ A1203). 
and provided the driving force necessary for maintaining continuous supply of 
Al atoms to the oxidation interface. The drop in the alloy's mass gain, seen be- 
tween the 40 and 50 hours of the isothermal oxidation curve (figure 6.8), might 
have resulted from minorMO03evaporation. 
Contrary to alloys 1 and 5, alloy 3 lost weight dramatically during oxidation 
at 14000C. The extreme rate with which this happened is not unreasonable con- 
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sidering that this temperature is much higher than the boiling pointOf M003, 
Naturally, for such a loss to occur it is essential that no continuous, protective 
oxide layer of alumina and/or silica is formed and that oxygen maintains con- 
stant access to the surface of the alloy. All the molybdenum oxide that forms 
in this way evaporates immediately, and the intermediate process of forming 
mixed oxides with A1203 andSi02, that was so prominent at the intermediate- 
temperature regime, disappears. The oxides of Al and Si, on the other hand, 
can still react: mullite became the main constituent of the scale, accompanied by 
remaining cristobalite and corundum. The fact that this scale was Al-rich (see 
figure 6.103a) is a direct consequence of the Al content of alloy 3 being higher 
than its Si content (correspondingly the activity of Al is higher than that of Si, as 
can be seen in figure 6.22h). The external scale thus formed did not succeed in 
protecting the exposed alloy from further oxidation; this feature was decisive for 
the overall oxidation behaviour of the alloy, and is precisely what differentiated it 
from the scales that grew on alloys 1,5 and Mo(Si, AI)2. The porosity omnipresent 
throughout the oxide layer probably marks the areas from which large amounts 
Of M003evaporated, and acted to enhance oxygen short-circuit diffusion towards 
the alloy/scale interface. Moreover, resulting from the extremely rapid growth of 
the external oxide scale, large compressive stresses developed that could not be 
relaxed by creep deformation of the scale. When combined with the above poros- 
ity, these stresses led to cleavage-like fracture of the scale at the four edges of the 
sample, and provided another opening for the inwards flux of oxygen. Adhesion 
to the unoxidized alloy was destroyed due to the same stresses, and all around 
the sample a void was created between oxide and alloy (figure 6.100). 
The above oxidation mechanism also operated in alloy 2: a non-protective 
cristobalite and mullite oxide scale did not manage to inhibit oxidation and loss 
of Mo. The Mo-Si-AI-0 oxidation interface (see figures 6.98 and 6.99c) is indica- 
tive of the simultaneous oxidation of the three elements, just like in the case of 
alloy 3. The photographs showingMO03 longitudinal platelets coming out of an 
oxide matrix (figure 6.97), give an image of the process of evaporation, and an 
idea of the vast oxide quantities that form at this temperature. Alloy 2 oxidized 
at a lower rate than alloy 3, and two reasons were identified for this. First, alloy 
2 had a T1 matrix and contained less Mo than alloy 3; this means that lessM003 
could nucleate and then evaporate from it. Second, different processes appear to 
have controlled the oxidation rate in the two alloys. As revealed by the presence 
Of M003(, ) in the oxide scale of alloy 2 and its concentration gradient (maximum 
at the oxidation interface, zero at the outer parts of the scale), the rate with which 
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M003(, ) was evolved out of the scale was slower than the rate with which it was 
produced at the alloy/oxide interface. Thus it was the former process that con- 
trolled the overall oxidation rate. On the contrary, in alloy 3 no M003(s) could be 
traced within the external mullite. Evolution of the gas product was apparently 
much faster there, and the actual reaction of Mo with oxygen probably dominated 
the overall rate of oxidation. 
Finally, the high-temperature oxidation of alloy 4 was also catastrophic. The 
a-A1203 and cristobalite Si02 layers found at the outer part of the oxide scale (see 
figures 6.104 to 6.107) were the first to form, from the M03AI8 and Mo5Si3 phases 
respectively. However, they could not achieve continuity and cover the exposed 
surface. Molybdenum oxide was free to form and evaporate immediately after, 
leaving pores and openings for more oxygen to reach the alloy and sustain the ac- 
celerated oxidative reaction. One side of the examined sample had a microstruc- 
ture that was relatively different from the main one: microsegregation phenom- 
ena in the areas that during melting were in contact with the water-cooled cru- 
cible, had led to the formation of a more M03A18-rich microstructure (see section 
4.3). This microstructure was capable of supporting the growth of A1203 and sup- 
pressing the oxidation of Mo. The M03(Si, Al) layer found under the oxide (figure 
6.106e) was due to depletion of Al from the matrix. The contradiction between 
the above catastrophic behaviour of alloy 4 and the isothermal oxidation curve 
presented in figure 6.8, can be explained considering that the specimen used in 
the TGA experiment was probably cut from a part of the ingot which solidified 
close to the crucible and, therefore, had a M03A18-rich microstructure. 
From the above discussion it becomes apparent that the alloys whose mi- 
crostructure contains mostly Mo-rich phases (T1 and A15) oxidize catastrophi- 
cally, and fail to form protective oxide scales of alumina, silica, mullite or a com- 
bination of them at 800', 950' and 14000C. Previous studies by Bartlett et al. (1965) 
reached the same conclusion for the behaviour of the binary MoZjSi3 compound 
relative to MOSi2. According to them, the ability of a scale to protect molybdenum 
silicides is directly connected to the oxidation of molybdenum, and occurrence of 
the latter is a necessary and sufficient condition for non-protective behaviour of 
M05Si3. They predicted this behaviour using a model that was based on the net 
rate of silicon depletion at the oxidation interface. In order to achieve formation 
of pure, protective Si02 layer, the oxygen partial pressureP02must be maintained 
at the level dictated thermodynamically by the Si/Si02 equilibria. This can hap- 
pen only if the rate of Si supply at the oxidation interface is faster than the rate 
of Si consumption by the oxidative reaction. If this is not the case, then the in- 
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terface becomes Si depleted, theSi/Si02 equilibria is not established and PO, at 
the interface increases. An increase in P02may lead to a level where oxidation 
of Mo becomes possible. Formation and subsequent volatilizationOf M003 Will 
then disrupt the continuity of theSi02 scale and will render it non-protective. 
In the model of Bartlett et al. (1965), this mechanism was described in a quanti- 
tative manner both forMO5Si3 andMOSi2. To this end, the maximum rate of Si 
supply was taken to be the same as the rateOf M03Si (or M05Si3 for the oxida- 
tion0f MOSi2) interlayer formation in aMO/MOSi2 diffusion couple, while the 
rate of Si consumption was assumed to be the same as for the oxidation of Si 
metal. For the oxidation0f M05Si3it was found that, at ambient oxygen pressure, 
the rate of Si supply was lower than the rate of Si consumption at temperatures 
below 16501C, resulting in Si-depleted interface and therefore non-protective be- 
haviour. Although the same analysis was not carried forM03Si, it is reasonable to 
assume that, owing to the even lower Si content of this compound, the transition 
temperature separating the two types of behaviour will be higher than the one of 
M05Si3- 
The inability of some of the alloys studied in the present work to supply, to- 
wards the oxidation front, the Si and Al fluxes necessary to maintain constant 
formationOf Si02 and A1203, is therefore primarily responsible for the non-pro- 
tective, catastrophic oxidation behaviour that they exhibit. Despite the fact that 
they are not single phase alloys, but contain two or three phases that could pos- 
sibly act synergistically and ameliorate the overall behaviour, alloys 2,3 and 4 
were proved to be inappropriate for intermediate- and high-temperature use. Al- 
loy 2 contained in the majority of its microstructure theM05(Si, AI)3phase; based 
on that, one would predict its behaviour to be analogous to single-phaseM05Si3- 
Combining T1 with A15-M03Si is not expected to change this dramatically either, 
since (as discussed above) establishment of a protective silica layer on the latter 
compound is even more difficult. Indeed, the experimental results confirmed this 
prediction, and the presence of Al alloying additions did not seem to have any 
beneficial effect. Apparently, the rate of Al supply to the oxidation interface was 
similar to that of Si, and much less than the one required for the formation of a 
continuous alumina or mullite scale. In alloy 3, the amounts of the two phases 
were reversed andM03(Si, Al) became the major phase; for the same reasons as 
above oxidation of Mo could not be prevented and the alloy oxidized severely. 
The presence of someM03A18did not improve things, even though it is an Al- 
rich phase that can potentially act as a reservoir providing the oxidation front 
with additional quantities of scale-forming atoms. It is possible that a critical vol- 
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ume fraction of this phase exists where this trend is reversed, and the Al coming 
from it overcomes the depletion responsible for oxidation of Mo, and manages to 
create continuous external alumina. Alloy 4 containedM03A18below that critical 
limit and this is the reason why it still behaved catastrophically, despite including 
more of this phase than either alloys 2 or 3. The existence of this critical volume 
fraction was proved at the same sample of alloy 4, on the side where segregation 
had given a different, moreM03AI8-rich microstructure than the average (figure 
6.104c). There, a protective thin A1203 layer had formed, as a result of selective Al 
oxidation. Alloy 5 obeyed the same rule, and was well above the criticaIM03AI8 
fraction. 
It should be emphasized that the analysis of Bartlett et al. (1965) is valid only 
at those temperatures where evaporation Of M003 is appreciable. At the tem- 
peratures where this is not the case (eg. 5001C, pest oxidation regime), M003 
formation has been proved to be necessary for catastrophic oxidation to occur, 
but it is not sufficient. In the present study for example, pest oxidation products 
were always found to include crystalline M003, but the presence Of M003 did not 
always lead to pest oxidation (eg. alloy 3). Additional conditions must operate 
for an alloy to pest, as discussed in previous sections. 
6.8 Conclusions - an oxidation map of Mo-Si-Al in- 
termetallics 
The results presented in the previous sections lead to a number of general conclu- 
sions concerning the oxidation behaviour of multiphase Mo-Si-AI intermetallic 
alloys. As revealed by the thermodynamic analysis and the oxide scale studies, 
kinetic and compositional rather than just thermodynamic factors determine the 
oxidation behaviour of these alloys. Such factors include the physical defects 
present in the material, the content and diffusivity of Al and Si in the alloy, the 
Mo concentration in it, and the ability to maintain growth of a protective scale 
that will inhibit oxidation and evaporation of Mo. 
Coupling of the T1 phase with more oxidation resistant phases, like the C40- 
Mo(Si, AI)2 (alloy 1), C54-Mo(Si, AI)2 and M03AI8 (alloy 5), was proved benefi- 
cial at the intermediate and high-temperature regimes, with its catastrophic be- 
haviour being suppressed. However, this might not be a general rule, and mini- 
mum volume fractions of the above phases might be required in order to achieve 
improved oxidation resistance. This was certainly found to be the case when 
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T1 was combined both with a beneficial (M03A18) and with a detrimental (A15- 
M03Si) compound (alloy 4). Regarding the low-temperature resistance, exactly 
the opposite effect was noticed. Alloy 1 suffered from pesting despite the fact 
that T1 and C40 on their own do not. Alloy 5 also exhibited pesting, but this 
could be due solelytO M03AI8. Further work is needed in order to determine 
the behaviour of this aluminide in single-phase form. In any case, it appears 
that the compounds with low Mo content dominate and control the oxidation be- 
haviour of the alloys. Viewed from the opposite perspective, the C40-Mo(Si, AI)2 
andM03A18compounds enjoy no real benefit from their combination with the 5-3 
silicide. 
Coupling of the T1 phase with the A15 led to an oxidation resistance placed 
between the two single-phase alloys. Always undergoing catastrophic mass loss, 
alloys 2,3 and 4 had an intermediate-temperature oxidation rate faster than that 
of the binaryMO5Si3 and slower than that of theM03Si; at high temperatures 
this trend was reversed, probably due to the contribution of Al. The conclusion 
here is that the A15-MO3(Si, Al) compound should not be present in an alloy, if the 
latter is aimed for use at temperatures above 500-6001C. Apparently, aluminium 
is not as successful an alloying element as boron for the Mo-rich molybdenum 
silicides, and the reasons for this probably lay on the unique ability of boron to 
form self-healing low viscosity borosilicate glasses. 
Based on the findings of the present work, rough regions can be drawn on 
the Mo-Si-AI phase diagram indicating alloy compositions with good oxidation 
resistance. These regions are shown in figure 6.111 for the four temperatures in- 
vestigated. Evidently, excellent oxidation resistance throughout the temperature 
range is offered only by alloys laying on the Mo(Si, AI)2 line of the phase diagram. 
Beyond this line problems exist at some or all of the temperature regimes, with 
the best phase combinations being C40+T1 and M03AI8+C54+Tl. 
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Chapter 7 
Conclusions and suggestions for 
future work 
7.1 Conclusions 
The research work presented in this thesis led to the following conclusions: 
1. Five multiphase intermetaRic alloys in the Mo-Si-Al ternary system were 
produced in the form of high purity cast ingots and melt-spun ribbons. 
Accurate control of the alloy composition was difficult, particularly in the 
case of the ribbons, where deviations up to 5 at% in their Mo content were 
recorded, relative to the corresponding ingot (the ribbons were always more 
poor in Mo). Lack of control of the melt superheat and the crucible tilt led 
to the production of ribbons with a relatively wide range of thicknesses (40- 
140Mm). 
2. The solidification paths and phase transformations that occurred during 
cooling of the ingots were deduced from the as-cast n-dcrostructures and 
were compared with thermodynamic predictions. Good agreement was ob- 
served between the produced n-dcrostructures and the expected equilibrium 
transformation sequences, except when the transformation onset tempera- 
tures were below 1000'C. In the latter case, all phase transformations were 
suppressed, due to the sluggish diffusion kinetics in intermetallic alloys, 
and the lack of sufficient reaction time during the relatively fast cooling of 
the ingots. Thus, the formation Of C11b-MOSi2 in the 50 Mo - 45 Si -5 Al al- 
loy, the decomposition of Mo5(Si, AI)3 and C54-Mo(Si, AI)2 in the alloys with 
70 Mo - 10 Si - 20 Al and 37.5 Mo - 10 Si - 52.5 Al respectively, and the for- 
357 
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mation of A15-MO3(Si, Al) in the 37.5 Mo - 10 Si - 52.5 Al alloy, did not take 
place. 
3. The C40-Mo(Si, AI)2 and Tl-M05Si3 phases formed a eutectic structure in 
the 50 Mo - 45 Si -5 Al alloy, similar to the one previously reported for 
the binary C11b-MOSi2 and Tl-MO5Si3 phases. An approximate orientation 
relationship 
[10ý]C40 11 [001]Tli (0111)C40 11 (011)T1, Which varied within 
±40, was observed for this eutectic. This relationship is not directly related 
to the one reported for the binary phases, despite the fact the C11b and the 
C40 structures are related between them directly. 
4. Long-term heat treatments of the ingots at 16001C and 14001C led to the 
determination of the equilibrium microstructures of the alloys at these tem- 
peratures. The compositions of the phases present in these microstructures 
allowed the establishment of the phase boundaries of all three-phase fields 
at the Mo-Al side of the ternary Mo-Si-Al system. At the Mo-Si side of the 
system, two of the existing two-phase fields were confirmed. The experi- 
mental results of this study are in excellent agreement with the thermody- 
namic assessment of the phase equilibria. 
5. The heat treatment of the 37.5 Mo - 10 Si - 52.5 Al alloy confirmed the high- 
temperature stability of the C54-Mo(Si, AI)2 phase, which was found to be an 
equilibrium phase at 14001C. The orthorhombic form of the Mo(Si, AI)2 COM- 
pound could not be suppressed by rapid solidification conditions either. A 
limited solid solubility of Si in M03A18 (up to 2 at%) was determined, as 
well as an extended Al-solubility in M05Si31 UP to 10-11 at%. Contrary to the 
Mo(Si, AI)2 compounds, the A15-MO3(Si, Al) phase exhibited a stoichiometry 
range of ±2%, and the same holds for the Mo. 5(SiAI)3 phase. 
6. Rapid solidification using melt spinning led to the production of short rib- 
bons with a characteristic two-zone microstructure. In the areas that were in 
contact with the spinning wheel (zone A), the highest cooling rates were ex- 
perienced, and nanosized microstructures formed with an aligned cellular 
morphology. In the areas that were in contact with the air (zone B), equiaxed 
microstructures similar to those in the as-cast ingots were observed; there, 
size refinement was the only effect of rapid solidification processing. In 
general, rapid solidification led to a refinement of the alloy microstructures 
by a factor of 50. 
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7. Solid state transformations, such as the formationOf M03AI8 in the alloy 
ribbons with compositions of 62.5 Mo - 25 Si - 12.5 Al and 70 Mo - 10 Si - 20 
Al, were wholly suppressed in zone A and partially in zone B. Steady state 
nucleation effects account for the phase selection in all alloy ribbons. The 
T1 phase could not be suppressed, and similar observations hold for C54. 
The only exception from the above behaviour was seen in the 50 Mo - 15 Si 
- 35 Al alloy, where the inability of the A15 phase to form was attributed to 
the overall ribbon composition being very far from the A15 stoichiometry. 
The critical cooling rate leading to the dominance of transient nucleation 
effects in the phase selection of rapidly solidified Mo-Si-Al alloys appears 
to be higher than the cooling rates achieved in the present study. 
8. Alloying behaviour studies of the binary MOSi2 compound were carried 
out, using high energy X-ray photoelectron spectroscopy with Cr Kfi radia- 
tion, and measuring the final state Auger parameter variations of Mo, and 
Si between alloyed and unalloyed conditions. In MOSi2, a significant in- 
crease in the Auger parameter of Si was observed, indicating an increased 
screening efficiency at the Si sites of the compound relative to pure Si. The 
shift in the Auger parameter of Mo, on the contrary, was negligible. By em- 
ploying the model of Thomas and Weightman, the charge transfer at the Si 
atoms was estimated to be close to zero, smaller compared to previously re- 
ported theoretical predictions from ab-initio calculations. It was concluded 
that the atomic bonding between Mo and Si is of a covalent p-d character. 
9. Similar alloying behaviour studies in the case of the ternary MOSi2+Al com- 
pounds led to observations similar to the ones made in binary MOSi2, re- 
garding the final state Auger parameter shifts of Mo and Si and the charge 
transfer occurring at these sites. The Auger parameter of Al was found 
to decrease from the unalloyed to the alloyed condition, meaning that the 
screening at the Al sites of the compound is less efficient than at the Al sites 
of pure Al. Donation of a small electronic charge by Al atoms to Mo atoms is 
thus possible, and covalent bonds between Al and Mo formed. This Auger 
parameter and charge transfer study is consistent with the silicon substitu- 
tion by aluminium in the 1110} close packed planes and the crystal structure 
modification from tetragonal C11b to hexagonal C40. 
10. The plasmon loss structures of the Si ls and Al ls peaks (as recorded using 
the Cr Kfi source) showed reduced intensity in the alloys relative to the pure 
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metals. This was attributed to more strongly bound valence electrons in the 
compounds. The opposite was the case for the Mo 2p3/2peak. 
11. Thermodynan-dc assessment of the oxides that are most favourable to form 
during isothermal oxidation of molybdenum aluminosilicides was carried 
out, via calculation of the element activities and the equilibrium oxygen 
partial pressures of the oxidation reactions. For all the alloy compositions 
and the temperatures studied in the present work, it was concluded that 
alumina is the equilibrium preferred oxide. The oxidation of Moto M003, 
on the other hand, is the one that requires the highest Po, among the other 
reactions, and hence is the least favoured to occur. 
12. The oxidation kinetics of Mo-Si-Al alloys could not be accurately described 
by the classic parabolic growth model, except in a few cases at the high- 
temperature regime (Mo(Si, AI)2alloys, and the 50 Mo - 45 Si -5 Al and 37.5 
Mo - 10 Si - 52.5 Al alloys). The Grabke and Brumm model that was em- 
ployed in an attempt to take into account the evaporation0f M003during 
oxidation, was in many cases unsuccessful in predicting the oxide growth 
and oxide evaporation rate constants, while in the most cases it gave results 
with medium or poor accuracy. Despite this, the calculated values of the 
parabolic and the evaporation rate constants can serve as an indication of 
the relative oxidation behaviour of alloys in the Mo-Si-Al system at various 
temperatures. As revealed by the oxide scale studies, the phenomena that 
occur during oxidation of multiphase Mo-Si-Al alloys are very complex and 
cannot be incorporated into a simple kinetic model easily. 
13. None of the Mo(Si, AI)2 alloys studied in the present work underwent pest 
oxidation, in agreement with observations of a previous study. Synergistic 
nucleation of Al and Si oxides against that of Mo oxides seems to have led 
to this suppression. Both these alloys exhibited excellent intermediate and 
high-temperature resistance, the latter being better than that Of MOSi2- 
14. Coupling of the T1 phase with more oxidation resistant phases, like the 
C40-Mo(Si, AI)2 (50 Mo - 45 Si -5 Al alloy), C54-Mo(Si, AI)2 andM03AI8 
(37.5 Mo - 10 Si - 52.5 Al alloy), was proved beneficial at the inten-nedi- 
ate and high-temperature regimes, with its catastrophic behaviour being 
suppressed. However, this might not be a general rule, and minimum vol- 
ume fractions of the above phases might be required in order to achieve 
improved oxidation resistance. This was found to be the case when T1 
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was combined both with a beneficial(M03AI8) and with a detrimental (A15- 
M03SOcompound (50 Mo - 15 Si - 35 Al alloy). 
15. Regarding the low-temperature oxidation resistance, exactly the opposite 
effect was noticed. The 50 Mo - 45 Si -5 Al alloy suffered from pesting 
despite the fact that the T1 and C40 phases do not pest on their own. The 
37.5 Mo - 10 Si - 52.5 Al alloy also exhibited pesting. It appears that the com- 
pounds with low Mo content dominate and control the oxidation behaviour 
of the alloys. Overall, the C40-Mo(Si, AI)2andMO3Al8compounds enjoy no 
real benefit from their combination with the 5-3 silicide. 
16. According to the pest oxidation behaviour exhibited by the multiphase al- 
loys and the composition of the oxide layers formed on them, it appears that 
formationOf M003 is a necessary condition for the occurrence of this phe- 
nomenon. However, it is not sufficient, and comparison of the behaviour of 
alloys 70 Mo - 10 Si - 20 Al and 37.5 Mo - 10 Si - 52.5 Al (no pesting in the 
former, pesting in the latter) showed that crystallizationOf M003is possibly 
the process which leads to rupture of the initial oxide layer, further oxida- 
tion and eventually fragmentation of the material. DSC showed thatM003 
is not volatile at the temperatures of pesting appreciably. 
17. Coupling of the T1 phase with the A15 led to an oxidation resistance placed 
between the two single-phase alloys. The 62.5 Mo - 25 Si - 12.5 Al, 70 Mo - 
10 Si - 20 Al and 50 Mo - 15 Si - 35 Al alloys underwent always catastrophic 
mass loss, and exhibited an intermediate-temperature oxidation rate that 
was faster than that of binary MO5Si3 and slower than that of binary M03SI; 
at high temperatures this trend was reversed, probably due to the contribu- 
tion of Al. The presence of the A15-MO3(Si, Al) compound in an alloy should 
be avoided, if the latter is aimed for use at temperatures above 500-6001C. 
18. The inability of some of the alloys to supply the Si and Al fluxes necessary 
to maintain constant formation 01 Si02 and A1203 towards the oxidation 
front, was primarily responsible for the non-protective, catastrophic oxida- 
tion behaviour that they exhibited at intermediate and high temperatures. 
Formation of the highly volatile at these temperatures M003, or of its com- 
plex oxides with Al, caused disruption of the continuity of the oxide scales 
and led to consumption of the Mo-rich phases from the n-dcrostructure. 
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7.2 Suggestions for future work 
1. The understanding of the effects of rapid solidification on the phase selec- 
tion of Mo-Si-Al alloys can be further enhanced by production of alloys at 
cooling rates higher than the ones achieved in the present work, and also 
higher than the critical cooling rate for the transition from steady state to 
transient nucleation phenomena. In this way, the latter will dominate the 
selection of phases and changes will possibly occur in the produced mi- 
crostructures. An attempt can also be made for calculating predominant 
nucleation maps for these alloys. 
2. The alloying behaviour studies in the present work were focused on the 
most important of the molybdenum sificides (MoSi2) and on its alloys with 
Al. The experimental method employed (high energy XPS with Cr KP ra- 
diation) is constantly being refined, and it has already proved to be a very 
useful tool for the probing of the atomic processes that occur upon alloy- 
ing. Expansion of the study on other molybdenum silicides and aluminides 
(particularly theMO5Si3compound which is attracting increasing attention) 
will further help the development of this class of inten-netallic alloys. The 
understanding of alloying behaviour may also offer ways towards over- 
coming the most crucial problem of these materials, i. e. their brittleness. 
3. The 37.5 Mo - 10 Si - 52.5 Al alloy underwent pesting. Given the fact that 
neither of the Mo, 5(Si, AI)3 and C54-Mo(Si, AI)2 phases is known to oxidize 
catastrophically at 5001C, and that the major constituent phase is the M03AI8 
compound, it is possible that the latter is susceptible to pesting. No study 
has been reported on this matter, and further work is needed in order to 
determine the low-temperature oxidation behaviour Of M03AI8 in single- 
phase form. 
4. Comparison of the effective Mo/(Si+Al) ratios of all the alloys studied in the 
present work, showed that pesting was observed when 0.50<R<1.23. Stud- 
ies of the behaviour of more alloys within this region should be undertaken 
in order to deten-nine whether this ratio can indeed be used as a criterion for 
the occurrence of pest. Analysis of the crystallization behaviour of Mo-Si-O 
and Mo-Si-AI-0 oxide scales at low temperatures, is also essential in order 
to clarify the role of this factor in the phenomenon of pest. 
5. In general, all the cast Mo(Si, AI)2 alloys studied in this work and in the 
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work of Stergiou (1996) were equally or more oxidation-resistant than the 
binaryMOSi2 throughout the temperature range examined. The only excep- 
tion from this rule appeared to be theMOSi2+ 22.6 at% Al alloy at 14000C. 
If this behaviour was not the result of coincidental factors (increased sur- 
face defects and roughness, porosity or cracking), then it is possible that the 
Al concentration regimes proposed by Mitra and Rama Rao (1999) for the 
oxidation at high temperatures, exist but with different limits: (a) Al < 5-6 
at%, (b) Al between 5-6 and 28-29 at%, (c) Al > 29 at%. Investigation of the 
behaviour of more alloys in the second regime is required in order to clarify 
whether they are indeed less oxidation resistant and why. 
6. The mechanical properties of multiphase Mo-Si-Al alloys have not been 
considered in the present work. The field is therefore open for the study 
of properties such as the alloy hardness, creep behaviour and strength. It 
will also be interesting to correlate the properties of these alloys to the prop- 
erties of each of the constituent compounds in single-phase form. 
Appendix A 
Reciprocal space reconstruction 
using electron diffraction 
A. 1 Description of the method 
Electron diffraction is a method commonly used to deterrnine or confirm the crys- 
tal symmetry of a phase. The basic principle of this method is the systematic tilt- 
ing around one of the reciprocal axes (usually a*, b* or c*) in order to achieve the 
reconstruction of the reciprocal lattice. With this reconstruction the conditions 
of existence of the diffracted spots can be deduced. Several tilting procedures 
are often necessary in order to obtain all the conditions for existing reflections. 
The determination of these conditions and of the lattice parameters allows one to 
determine the space group of the phase in most cases. 
The schematic in figure A. 1 describes the way systematic tilting is used to 
achieve the reconstruction of the reciprocal space. If tilting is carried out around 
axis a* (top part of the figure), a series of diffraction patterns will be obtained 
(middle part of the figure), each coming from an intersection of the Ewald sphere 
with a reciprocal plane. By recording the corresponding tilt angle and measuring 
the distances between the spots that lie in a line vertical to a*, a drawing can be 
constructed representing a cross-section of the reciprocal space perpendicularly 
to a* (bottom part of the figure). It contains lines, drawn at the appropriate tilt 
angles, and spots, placed on the lines at the appropriate distances. A plane of the 
unit cell can thus be viewed, and the lattice parameters, the plane indices and the 
reflection conditions can be deduced. 
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Figure A. 1: Schematic representation of the method of reciprocal space recon- 
struction. 
A. 2 Mo-Si-Al intermetallic phases 
In the present work, systematic tilting was carried out once for each phase that 
appeared in the microstructures of the alloys under study In table A. 1 the crystal 
symmetry information for all the phases is summarized. The results were the 
following: 
0 Figure A. 2a shows the reciprocal space reconstruction of the M03A18phase. 
Since the phase has a monoclinic structure, tilting was carried out around 
the b* axis; the direction of this axis is perpendicular to the plane of the 
drawing. The visible reflections are the hOl planes and are marked with a 
bullet, while the absences (extinctions) are marked with a triangle. The red 
line designates the unit cell of the phase, from which the lattice parameters 
were calculated: a=9.06 A, b=3.60 A, c=10.00 A and 0=101'. These values 
are in good agreement with the reported ones (section 2.3.3). Furthermore 
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Table A. 1: The space groups and the conditions for existing reflections of the 
phases encountered in the alloys of the present work. 
PHASE Crystal system Space group Conditions for 
existing reflections 
M03AI8 Monoclinic C2/rn hkl: h+k=2n 
M03(Si, Al) Cubic Pmýn hhl: 1=2n 
hkh: k=2n 
hkk: h=2n 
hkk: h=2n 
hkh: k=2n 
hhl: 1=2n 
M05Si3 Tetragonal 14/mcm hkl: h+k+1=2n 
hOl: h=2n 
Okl: k=2n 
C54-Mo(Si, AI)2 Orthorhombic Fddd hkl: h+k=2n 
hkl: h+1=2n 
hko: h+k=4n 
hOl: h+1=4n 
Okl: k+1=4n 
C40-Mo(Si, AI)2 Hexagonal P6222 001: 1=3n 
from the indexing of the patterns obtained it can be seen that the condition 
h+k=2n is satisfied (k=O for this plane), as expected forM03AI8. Examples 
of such existing and absent reflections appear in the SADPs of figure A. 2b, 
where all the spots satisfy the above condition. The first pattern ([100] zone 
axis) was taken at Oo, i. e. zero tilt, while the second one ([201] zone axis) 
was taken at04 tilt- 
Figure A. 3a shows the reciprocal space reconstruction of theM03(Si. Al) 
phase. This is a cubic phase and tilting was performed around the b* axis. 
The unit cell is marked with a red-coloured square from which it can be de- 
duced that a; z_-5.00 A (aM03sj=4.89 A). Since an the spots in the reconstructed 
reciprocal plane represent hOl planes of the phase, for which no limiting 
conditions of reflection apply, no extinctions are present in it. On the con- 
trary, in the second of the SADPs given in figure A. 3b (corresponding to tilt 
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Or,, [101] zone axis), the 010,030, etc. spots are missing along the b* axis. 
This is due to the fact that all the spots of the pattern (coming from the hkh 
family of planes) must satisfy the condition k=2n imposed by the A15 struc- 
ture. The visible reflections satisfy it while the extincted ones do not, thus 
providing positive identification for the phase. The first pattern was taken 
along the [001] axis, at atilt Of 03- 
Figure A. 4a shows the reciprocal space reconstruction of the MoZjSi3 tetrag- 
onal phase. In this case the tilting was not performed around a reciprocal 
axis, but around the [110]* direction, therefore the unit cell of the phase 
could not be traced in the schematic. The existing spots, however, belong 
to the hhl planes and obey the condition h+k+1=2n, in accordance with the 
requirements of the D8.. structure. This can also be seen in the SADPs of 
figure A. 4b: one taken at zero tilt (00) with the beam parallel to the [001] 
axis, and one taken at 04 tilt with the zone axis being the [11a] direction. In 
the second case, the reflection of the plane 2h is missing between the 000 
spot and the 442 spot because its indices do not satisfy the above condition. 
For the same reason a full row of spots is absent between the two visible 
ones. 
Figure A. 5a shows the reciprocal space reconstruction of the hexagonal C40- 
Mo(Si, AI)2 phase. 1111ting was performed around the c* axis, which means 
that the plane represented by the drawing is the basal plane. No reflection 
limiting conditions exist for this plane, therefore no systematic absences (ex- 
tinctions) are present in it. The unit cell is outlined with a green line, and the 
following lattice parameters were found: a=4.5 A, c=6.5 A, 'Y=120'. These 
are in reasonable agreement with the ones reported for C40-MOSi2 (see sec- 
tion 2.3.2). The only condition resulting from the symmetry of the C40 struc- 
ture is along the c* axis, 001, where 1=3n. Examination of the diffraction pat- 
terns shown in figure A. 5b (taken at tilt angles 00 and 03) reveals that the 
intensity of every third spot along this axis is much higher than the other 
two in between. Furthermore, upon tilting away from the zone axis (de- 
centering of the diffraction pattern) it was always observed that the two 
weak spots disappeared. These facts led to the conclusion that the pres- 
ence of the weak spots on the c* axis of the SADPs is the result of double 
diffraction, and that the above condition is indeed satisfied in our phase. 
Figure A. 6a shows the reciprocal space reconstruction of the orthorhombic 
C54-Mo(Si, AI)2phase, carried out by tilting around the c* axis. This axis is 
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perpendicular to the plane of the drawing, which represents the hkO family 
of planes. According to the requirements of the symmetry of C54, the spots 
on this schematic diffraction pattern should obey the condition h+k=4n. 
This is indeed the case. The series of SADI's that led to the above recon- 
struction (recorded at tilt angles 00 to 04) is presented in figure A. 6bl-b5. 
Indexing of these patterns confirmed one more of the reflection conditions 
associated with the structure: in the hk1 planes, h+k=2n and h+1=2n. As it 
can been seen in the indexed patterns, the indices of an the spots do obey 
this condition. Therefore the above structure confirmation provides posi- 
tive evidence for the presence of the C54-structured Mo(Si, AI)2compound. 
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Figure A. 2: (a) Schematic drawing of the reciprocal space for M03AI8. (bl) SADP 
with the beam parallel to the [1001 direction, (b2) SADP with the beam parallel to 
the [2011 direction. 
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Figure A. 3: (a) Schematic drawing of the reciprocal space for M03(Si, Al). (bl) 
SADP with the beam parallel to the [001] direction, (b2) SADP with the beam 
parallel to the [101] direction. 
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Figure AA: (a) Schematic drawing of the reciprocal space for M05Si3. (bl) SADP 
with the beam parallel to the [0011 direction, (b2) SADP with the beam parallel to 
the [1M] direction. 
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Figure A. 5: (a) Schematic drawing of the reciprocal space for C40-Mo(Si, AI)2- (bl) 
SADP with the beam parallel to the [12101 (or [0101) direction, (b2) SADP with the 
beam parallel to the [45101 (or [120]) direction. 
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Figure A. 6: (a) Schematic drawing of the reciprocal space for C54-Mo(Si, AI)2- 
Also presented is a series of SADPs with the beam parallel to the (bl) [130] -00-, 
(b2) [150] -01 - directions. 
CHAPTER A: Reciprocal space reconstruction using electron diffraction 374 
c 
000 
400 
(X)4 x 
(X)4 
xa 
000 
(b3) 
422 
(XX) 
(b5) 
Figure A. 6: (continued) SADPs from the C54 phase with the beam parallel to the 
(b3)[1001-02-, (b4) [0101 -03-1 (b5)[1201-04- directions. 
Appendix B 
X-ray diffraction data 
B. 1 Introduction 
In this appendix, the data acquired using XRD as well as the indexing of the peaks 
are presented. A table was constructed for each experiment with the following 
information: 
1. The angle where the peak appears. 
2. The intensity of the peak relative to the strongest peak in the spectrum (rel- 
ative intensity). 
3. The interplanar spacing corresponding to the above angle (d,,,., ), as calcu- 
lated from Bragg's law (A = 2d,,,,,,, sin 0). 
4. The phase (solid solution, intermetallic compound, oxide) which gives rise 
to the peak. If there are more that one phases with similar interplanar dis- 
tances, a list is given with the phase that most likely corresponds to the peak 
being mentioned first. 
5. The interplanar spacing of the particular set of planes of the phase from 
which the peak is resulting. This value (df) is the one given in the JCPDS 
reference card of the phase (see below). In a parenthesis next to d,, f, the 
relative intensity of the reference peak is given for comparison purposes 
with the measured ones. The following notation was used: 
o vw = very weak (0-10) 
ow =weak (10-20) 
om =medium (20-50) 
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4, s =strong (50-80) 
9 vs = very strong (80-100) 
6. The Miller indices of the set of planes that diffract the incident X-rays and 
produce the peak. 
For the identification of the phases present in the alloys and oxide scales, the 
following reference cards produced by the Joint Committee for Powder Diffrac- 
tion Standards (JCPDS) were used: 
Cllb-MOSi2: 6-0681 
C40-MOSi2: 17-917 
C40-Mo(Si, AI)2: 19-32 
C54-MoSiO. 7AI1.3: 17-423 
M05Si3: 34-371 
M03Si: 4-816 
M03AI8: 29-50 
M03AI: 11-18 
a-A1203 (Corundum): 10-173 
Si02 (a-Cristobalite): 11-695 
Si02 (Tridymite): 18-1170 
3Al2O3.2SiO2 (Mullite): 15-776 
A12(MO04)3: 23-764 
M003: 35-609 
M002: 32-671 
First the data from the as-cast ingots, the heat-treated ingots, and the as-cast 
ribbons of alloys 1-5 will be presented. These tables are referred to in chapter 4. 
Subsequently, the data from the oxide scales that formed during oxidation at 500, 
800,950 and 14000C (773,1073,1223,1673 K) will be presented, for alloys 1-5 and 
for Mo(Si, AI)2 alloys with 5 and 40 at% Al. These tables are referred to in chapter 
6. 
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B. 2 Microstructural studies 
Table BA: XRD data of alloy 1 as-cast ingot. 
No ANGLE RELATIVE 
INTENSITY 
dmeas 
(A) 
dref 
(A) 
hkl PHASE 
1 25.57 24 3.481 3.44 (vs) 101 C40-Mo(Si, AI)2 
2 25.8 15 3.45 3.44 (vs) 101 C40-Mo(Si, AI)2 
3 26.98 9 3.302 3.242 (m) 211 M05Si3 
4 27.18 8 3.278 3.242 (m) 211 M05Si3 
5 28.66 8 3.112 3.052 (m) 310 M05Si3 
6 28.96 8 3.081 3.052 (m) 310 M05Si3 
7 35.32 7 2.539 2.548 (vs) 102 C40-Mo(Si, AI)2 
8 37.88 38 2.373 2.351(s) 321 M05Si3 
9 38.06 45 2.362 2.351(s) 321 M05Si3 
10 38.92 7 2.312 2.311 (W) 112 MOSSi3 
11 40.48 32 2.226 2.1903 (m) 202 M05Si3 
12 40.78 51 2.211 2.1903 (m) 202 M05Si3 
13 41.54 100 2.172 2.192 (vs) 003,111 C40-MO(Si, AI)2 
14 42.44 55 2.128 2.113 (vs) 411 M05Si3 
15 42.5 34 2.125 2.113 (vs) 411 M05Si3 
16 44.9 8 2.017 2.016 (m) 200 C40-Mo(Si, AI)2 
17 47.45 11 1.914 1.917 (vw) 201,103 C40-Mo(Si, AI)2 
18 47.78 11 1.902 1.897 (vs) 112 C40-Mo(Si, AI)2 
19 54.04 6 1.696 1.6835 (vw) 521 M05Si3 
20 59.88 3 1.543 1.5314 (vw) 213 M05Si3 
21 60.14 4 1.537 1.5314 (vw) 213 MO5Si3 
22 62.38 5 1.487 1.4991 (w) 512 M05Si3 
23 64.42 11 1.445 1.4406 (W) 541 M05Si3 
24 67.42 12 1.388 1.381 (m) 212 C40-Mo(Si, AI)2 
25 67.84 9 1.38 1.3804 (W) 631 M05Si3 
26 69.66 6 1.349 1.3453 (m) 602 M05Si3 
27 71.14 5 1.324 1.315(s) 301 C40-Mo(Si, AI)2 
28 73.9 5 1.281 1.2797 (vw) 721 M05Si3 
29 76.18 6 1.249 1.241(s) 302 C40-Mo(Si, AI)2 
30 81.75 11 1.177 1.1751 (w) 642 M05Si3 
31 82.04 3 1.174 1.1751 (w) 642 M05Si3 
32 84.78 12 1.143 1.141(s) 115 C40-Mo(Si, AI)2 
33 85.02 3 1.14 1.141(s) 115 C40-MO(Si, AI)2 
34 88.45 29 1.104 1.1 (M) 311 C40-Mo(Si, AI)2 
35 88.68 16 1.102 1.1004 (w) 831 M05Si3 
36 97.03 14 1.028 1.025(s) 223 C40-Mo(Si,. AI)2 
37 97.34 2 1.026 1.025(s) 223 C40-Mo(Si, AI)2 
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Table B. 1: (continued) 
No I ANGLE I RELATIVE 
INTENSITY 
dme. 
ý 
(A) 
dref 
(A) 
hkl PHASE 
38 102.17 8 0.99 1.006 (vw) 400 C40-Mo(Si, AI)2 
39 102.50 6 0.988 0.9874 (vw) 116 C40-Mo(Si, AI)2 
40 112.06 8 0.929 0.9219 (m) 320,314 C40-Mo(Si, AI)2 
41 116.29 23 0.907 0.9111 (M) 107 C40-Mo(Si, AI)2 
42 116.72 2 0.905 0.9111 (M) 107 C40-Mo(Si, AI)2 
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Table B. 2: XRD data of alloy 1 heat-treated ingot. 
No ANGLE RELATIVE 
INTENSITY 
d,,,,.,, 
(A) 
dref 
(A) 
hkl PHASE 
-1 
1 25.98 15 3.427 3.44(s) 101 C40-Mo(Si, AI)2 
2 27.53 37 3.238 3.242 (m) 211 M05Si3 
3 29.2 14 3.056 3.052 (m) 310 M05Si3 
4 35.29 33 2.541 2.548(s) 102 C40-Mo(Si, AI)2 
5 36.7 100 2.447 2.457 (m) 002 M05Si3 
6 38.26 38 2.351 2.351(s) 321 M05Si3 
7 39.4 22 2.305 2.311 (w) 112 M05Si3 
8 39.44 10 2.283 2.274 (vw) 330 M05Si3 
99 40.42 51 2.229 2.1903 (m) 202 M05Si3 
10 41.31 99 2.184 2.192 (vs) 003,111 C40-MO(Si, AI)2 
11 41.83 25 2.158 2.1578(s) 420 MO5Si3 
12 42.78 76 2.112 2.113 (vs) 411 M05Si3 
13 45.52 24 1.991 1.994(s) 222 M05Si3 
14 47.34 10 1.919 1.917 (vw) 201,103 C40-Mo(Si, AI)2 
15 47.9 17 1.898 1.897 (vs) 112 C40-Mo(Si, AI)2 
16 57.45 11 1.603 1.6087 (vw) 600 M05Si3 
17 57.88 7 1.592 1.592 (m) 113 C40-Mo(Si, AI)2 
18 58.56 10 1.575 - - 
19 60.54 6 1.528 1.5254 (vw) 620 M05Si3 
20 61.08 31 1.516 1.518 (m) 210 C40-Mo(Si, AI)2 
21 61.93 31 1.497 1.4991 (w) 512 M05Si3 
22 66.79 16 1.399 1.3971(w) 323 M05Si3 
23 67.08 16 1.394 1.3971 (w) 323 M05Si3 
24 67.84 7 1.38 1.381 (M) 
1.3804 (w) 
212 
631 
C40-Mo(Si, AI)2 
M05Si3 
25 68.36 17 1.371 1.3724 (w) 532 M05Si3 
26 68.68 61 1.366 1.3643 (W) 710 M05Si3 
27 69.9 53 1.345 1.3453 (m) 602 M05Si3 
28 70.26 52 1.339 1.338(s) 114 C40-Mo(Si, AI)2 
29 73.52 11 1.287 1.2797 (vw) 721 M05Si3 
30 76.42 10 1.245 1.241(s) 302 C40-Mo(Si, AI)2 
31 80.46 7 1.193 1.1932 vw) 712 M05Si3 
32 84.94 12 1.141 1.141(s) 115 C40-Mo(Si, AI)2 
33 87.4 8 1.115 1.114 (m) 214 C40-Mo(Si, AI)2 
34 91-09 15 1.079 1.091 (M) 006 C40-Mo(Si, A1)2 
35 92.68 12 1.065 1.055 (m) 312 C40-Mo(Si, AI)2 
36 96.63 10 1.031 1.038 (m) 304 C40-Mo(Si, AI)2 
37 102.5 11 0.988 0.9874 (vw) 116 C40-Mo(Si, AI)2 
38 110.44 9 0.938 0.9371(s) 305 C40-Mo(Si, AI)2 
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Table B. 2: (continued) 
ANGLE RELATIVE dmeas dref hkI PHASE PO II 
INTENSITY 
I 
(A) 
I 
(A) 
39 112.05 16 0.929 0.9219 (m) 320,314 C40-Mo(Si, AI)2 
40 115.44 11 0.911 0.9111 (M) 107 C40-Mo(Si, AI)2 
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Table B. 3: XRD data of alloy 1 melt-spun ribbons. 
No ANGLE RELATIVE 
INTENSITY 
d,,,,.. ý 
(A 
d,, f 
(A) 
hkl PHASE 
1 26.28 34 3.389 3.413 (vw) 220 M05Si3 
2 27.81 26 3.205 3.242 (m) 211 M05Si3 
3 29.54 32 3.021 3.052 (m) 310 M05Si3 
4 35.60 15 2.52 2.548 (vs) 102 C40-Mo(Si, AI)2 
5 37 17 2.428 2.457 (m) 002 M05Si3 
6 37.55 23 2.393 2.412 (w) 400 M05Si3 
7 38.61 68 2.33 2.329(s) 110 C40-Mo(Si, AI)2 
8 39.9 17 2.258 2.274 (vw) 330 M05Si3 
9 41.4 56 2.179 2.192 (vs) 
2.1903 (m) 
003,111 
202 
C40-Mo(Si, AI)2 
M05Si3 
10 42.15 73 2.142 2.1578(s) 420 M05Si3 
11 43.11 100 2.097 2.113 (vs) 411 M05Si3 
12 45.2 13 2.004 2.016 (m) 200 C40-Mo(Si, AI)2 
13 45.88 35 1.976 1.994(s) 222 M05Si3 
14 46.7 15 1.943 1.917 (vw) 201,103 C40-Mo(Si, AI)2 
15 48.22 34 1.886 1.897 (vs) 112 C40-Mo(Si, AI)2 
16 54.8 11 1.674 1.6835 (vw) 512 M05Si3 
17 60.96 19 1.519 1.518 (m) 210 C40-Mo(Si, AI)2 
18 62.9 12 1.476 1.482 (vs) 211 C40-Mo(Si, AI)2 
19 65 15 1.434 1.4406 (w) 541 M05Si3 
20 66.2 8 1.411 1.4012 (w) 442 M05Si3 
21 67 9 1.396 1.3971 (w) 323 M05Si3 
22 67.4 11 1.388 1.381 (m) 
1.3804 (w) 
212 
631 
C40-Mo(Si, AI)2 
M05Si3 
23 68.15 19 1.375 1.3724 (w) 532 M05Si3 
24 4 69.05 22 1.359 1.3643 (w) 710 M05Si3 
25 5 70.2 17 1.34 1.3453 (m) 602 Mo5si 
26 6 70.42 21 1.336 1.338(s) 114 C40-Mo(Si, AI)2 
27 7 71.9 11 1.312 1.315(s) 301 C40-Mo(Si, AI)2 
28 76.9 10 1.239 1.241(s) 302 C40-Mo(Si, AI)2 
2 29 9, c 80.8 10 1.188 1.1932 (vw) 712 M05Si3 
30 30 ý 82-3 16 1.171 1.1751 (w) 642 M05Si3 
31 31 85.6 9 1.134 1.1369 (vw) 660 M05Si3 
32 32 89.16 19 1.097 1.0945 (vw) 
1.1 (M) 
404 
311 
M05Si3 
C40-Mo(Si, AI)2 
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Table BA: XRD data of alloy 2 as-cast ingot. 
No ANGLE RELATIVE 
_INTENSITY 
dm,,, 
(A) 
dref 
(A) 
hkl PHASE 
1 27.45 14 3.246 3.242 (m) 211 M05Si3 
2 29.46 9 3.03 3.052 (m) 310 M05Si3 
3 36.6 93 2.453 2.457 (m) 
2.45 (m) 
002 
200 
M05Si3 
M03Si 
4 38.2 4 2.354 2.351(s) 321 M05Si3 
5 38.91 16 2.313 2.311 (w) 112 M05Si3 
6 39.4 4 2.285 2.274 (vw) 330 M05Si3 
7 41.17 100 2.191 2.19 (vs) 
2.1903 (m) 
210 
202 
M03Si 
M05Si3 
8 42.65 5 2.118 2.1130 (vs) 411 M05Si3 
9 45.37 13 1.997 2.00(s) 
1.994(s) 
211 
222 
M03Si 
M05Si3 
10 47.55 2 1.911 - 
11 53.1 2 1.723 1.73 (vw) 
1.7209 (vw) 
220 
402 
M03Si 
M05Si3 
12 59.45 5 1.553 1.55 (W) 310 M03Si 
13 60.35 5 1.532 1.5314 (vw) 213 M05Si3 
14 61.65 6 1.503 1.4991 (w) 512 M05Si3 
15 66.82 13 1.399 1.3971 (w) 323 M05Si3 
16 69.93 16 1.344 1.3453 (m) 602 M05Si3 
17 77.67 30 1.228 1.22 (m) 
1.2283 (vw) 
400 
004 
M03Si 
M05Si3 
18 84.9 3 1.141 1.1391 (vw) 
1.15 (vw) 
314,613 
411,330 
M05Si3 
M03Si 
19 89.25 5 1.097 1.1087 (vw) 543 M05Si3 F 
20 90.6 3 1.084 1.09 (vw) 420 M05Si3 
21 92.17 8 1.069 1.07 (vs) 421 M03Si 
22 106.9 2 0.959 0.959 (w) 510,431 M03SI 
23 112.95 4 0.924 1- I- I- 
L 24 116.14 11 1 0.908 1_0.908 (vs) 1 520,432 1 M03si 
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Table B. 5: XRD data of alloy 2 heat-treated ingot. 
No ANGLE RELATIVE 
INTENSITY 
dmeas 
(A) 
dref 
(A) 
hkl PHASE 
1 25.75 12 3.457 3.46 (m) 110 M03Si 
2 27.44 21 3.248 3.242 (m) 211 M05Si3 
3 29.21 12 3.055 3.052 (m) 310 M05Si3 
4 33.4 5 2.681 - - 
5 36.6 39 2.453 2.45 (m) 
2.457 (m) 
200 
002 
M03Si 
M05Si3 
6 37.23 44 2.413 2.412 (W) 400 M05Si3 
7 38.21 58 2.354 2.351(s) 321 M05Si3 
8 38.9 8 2.313 2.311 (w) 112 M05Si3 
9 39.5 7 2.279 2.274 (vw) 330 M05Si3 
10 41.05 100 2.197 2.19 (vs) 
2.1903 (m) 
210 
202 
M03Si 
M05Si3 
11 41.74 45 2.162 2.1578(s) 420 M05Si3 
12 42.68 69 2.117 2.1130 (vs) 411 M05Si3 
13 45.28 29 2.001 2.00(s) 
1.994(s) 
211 
222 
M03Si 
M05Si3 
14 52.7 5 1.735 1.73 (vw) 
1.7209 (vw) 
220 
402 
M03Si 
M05Si3 
15 54.33 14 1.687 1.6835 (vw) 521 M05Si3 
16 57.04 10 1.613 1.6087 (vw) 600 M05% 
17 59.45 5 1.553 1.55 (w) 310 M03Si 
18 60.29 7 1.534 1.5314 (vw) 213 M05Si3 
19 61.68 5 1.503 1.4991 (w) 512 M05Si3 
20 64.37 10 1.446 1.4406 (w) 541 M05Si3 
21 66.45 5 1.406 1.41 (m) 
1.4012 (w) 
222 
442 
M03Si 
M05Si3 
22 67.6 6 1.385 1.3804 (w) 631 M05Si3 
23 68.56 15 1.368 1.3643 (w) 710 M05Si3 
24 69.59 14 1.35 1.36 (m) 320 M03Si 
25 69.97 12 1.343 1.3453 (m) 602 M05Si3 
26 71.81 5 1.313 1.31 (m) 321 M03Si 
27 73.9 4 1.281 1.2797 (vw) 721 M05Si3 
28 77.62 9 1.2-29 1.2283 (vw) 004 M05Si3 
29 78.89 6 1.212 1.22 (m) 
1.2086 (vw) 
400 
114,523 
M03Si 
M05Si3 
30 80.15 5 1.196 1.1932 (vw) 712 M05% 
31 81.5"; 5 1.179 1.1751 (w) 642 M05Si3 
32 85.93 11 1.13 1.1259 (vw) 
1.15 (vw) 
732 
411,330 
M05Si3 
M03Si 
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Table B. 5: (continued) 
No ANGLE RELATIVE 
INTENSITY (A) 
d, ef 
(A) 
hkl 
33 87.69 7 1.112 1.1087 (vw) 543 M05Si3 
34 88.35 5 1.105 1.1004 (w) 831 M05Si3 
35 90.64 9 1.083 1.09 (M) 420 M03Si 
36 91.77 12 1.073 1.07 (vs) 421 M03Si 
37 92.14 14 1.07 1.07 (vs) 421 M03Si 
38 97.05 7 1.028 1.04 (m) 332 M03Si 
39 99.95 3 1.006 0.998 (vw) 422 M03Si 
40 101.94 29 0.992 0.998 (vw) 422 M03Si 
41 102.55 2 0.987 - - 
42 103.4 4 0.982 - - 
43 106.9 4 0.959 0.959 (W) 510,431 M03Si 
44 108.95 3 0.946 - - 
45 114.56 13 0.916 0.908 (vs) 520,432 M03Si 
46 115.02 13 0.913 0.908 (vs) 520,432 M03Si 
47 116.15 5 0.908 - - 
-- - 48 118.07 14 0.898 0.893 (m) 521 Vo3Si 
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Table B. 6: XRD data of alloy 2 melt-spun ribbons. 
No ANGLE RELATIVE 
INTENSITY 
d .. df a hkl 
ý PHASE 
1 25.9 27 3.437 3.46 (m) 110 M03Si 
2 26.2 27 3.399 3.413 (vw) 220 M05Si3 
3 27.62 41 3.227 3.242 (m) 211 M05Si3 
4 29.42 38 3.033 3.052 (m) 310 M05Si3 
5 36.72 51 2.445 2.45 (m) 
2.457 (m) 
200 
002 
M03Si 
M05Si3 
6 37.3 27 2.409 2.412 (w) 400 M05Si3 
7 38.35 54 2.345 2.351(s) 321 M05Si3 
8 39.1 24 2.302 2.311 (w) 112 M05Si3 
9 39.68 24 2.27 2.274 (vw) 330 M05Si3 
10 41.31 100 2.184 2.19 (vs) 
2.1903 (m) 
210 
202 
M03Si 
M05Si3 
11 41.9 58 2.154 2.1578(s) 420 M05Si3 
12 42.82 75 2.11 2.1130 (vs) 411 M05Si3 
13 45.52 64 1.991 2.00(s) 
1.994(s) 
211 
222 
M03Si 
M05Si3 
14 50.8 11 1.796 1.7955 (vw) 431 M05Si3 
15 52.9 10 1.729 1.73 (vw) 
1.7209 (vw) 
220 
402 
M03Si 
M05Si3 
16 54.48 13 1.683 1.6835 (vw) 521 M05Si3 
17 59.7 9 1.548 1.55 (w) 310 M03Si 
18 60.55 14 1.528 1.5314 (vw) 213 M05Si3 
19 61.83 12 1.499 1.4991 (w) 512 M05Si3 
20 64.6 12 1.442 1.4406 (w) 541 M05Si3 
21 66.02 13 1.414 1.41 (m) 222 M03Si 
22 66.88 18 1.398 1.4012 (w) 442 M05Si3 
23 67.8 14 1.381 1.3804 (w) 631 M05Si3 
24 68.2 14 1.374 1.3643 (w) 710 M05Si3 
25 68.7 17 1.365 1.36 (m) 320 M03Si 
26 69.97 28 1.343 1.3453 (m) 602 M05Si3 
27 72.05 11 1.31 1.31 (m) 321 M03Si 
28 73.8 7 1.283 1.2797 (vw) 721 M05Si3 
29 1 77.76 18 1.227 1.2283 (vw) 004 M05Si3 
30 80.4 7 1.193 1.1932 (vw) 712 M05Si3 
31 81.90 14 1.175 1.1751 (w) 642 M05Si3 
32 85.07 12 1.139 1.1369 (vw) 660 M05Si3 
F-ý37 88.8 10 1.101 1.1004 (w) 831 M05Si3 
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Table B. 7: XRD data of alloy 3 as-cast ingot. 
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No ANGLE REL.. 
INTEN 
d,,,, a. 
(A) 
dref 
(A) 
hkl PHASE 
1 25.71 18 _ 3.462 3.46 (m) / 3.466 (m) 110 M03Si / M03AI 
2 27.8 2 3.206 3.242 (m) 211 M05S13 
3 36.6 18 2.453 2.45 (m) / 2.449 (w) 
2.457 (m) 
2.445 (M) 
200 
002 
! 13,203 
M03Si / M03AI 
M05Si3 
M03AI8 
4 38.15 6 2.357 2.351(s) 321 M05Si3 
5 40.2 8 2.241 2.229 (vs) k2 M03AI8 
6 41.08 92 2.196 2.201 (vs) / 2.19 (vs) 
2.1903 (m) 
2.191 (w) 
210 
202 
311 
M03AI / M03Si 
M05Si3 
M03AI8 
7 42.63 9 2.119 2.113 (VS) 
2.12 (m) 
411 
401 
M05Si3 
M03AI8 
8 45.19 31 2.005 2.00 (S) / 2.014 (m) 
1.994(s) 
211 
222 
M03Si / M03AI 
M05Si3 
9 52.6 4 1.739 1.743 (vw) / 1.73 (vw) 220 M03AI / M03Si 
10 59.45 5 1.553 1.55 (w) 310 M03Si 
11 65.71 16 1.42 1.423 (w) 
1.4098 (vw) 
222 
604 
M03AI 
M03AI8 
12 68.80 15 1.363 1.368 (w) / 1.36 (m) 
1 1.3643 (W) 
320 
710 
M03AI / M03Si 
M05Si3 
13 71.77 16 1.314 1.318 (w) / 1.31 (m) 321 M03AI / M03Si 
14 77.62 6 1.229 1.2283 (vw) 
1.234 (vw) 
004 
400 
M05Si3 
M03AI 
15 81.45 2 1.181 1.175 (w) 642 M05Si3 
16 83.3 3 1.159 1.1631 (vw) 
1.1627 (vw) 
1.166 (vw) 
741 
318 
411,330 
M05Si3 
M03AI8 
M03AI 
17 88.94 6 1.1 1.105 (vw) 1.09 (m) 420 M03AI / M03Si 
18 91-74 20 1.073 1.077 (w) 1.07 (vs), 421 M03AI / M03Si 
19 94.55 2 1.049 1.055 (vw) 1.04 (m) 332 M03AI / M03Si 
20 106 3 0.964 0.9697 (vw) /0-959 (w) 510,431 M03AI / M03Si 
21 11T98 16 0.913 0.919 (M) / 0.908 (VS) 520,432 M03AI / M03Si 
. 10 
17 0.898 F6.8 0.893 (M) / 0.9034 (vw) 1 521 1 M03Si / M03AI I 
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Table B. 8: XRD data of alloy 3 heat-treated ingot. 
No ANGLE RELATIVE 
INTENSITY 
dmeas 
(A) 
dref 
(A) 
hkl I PýAfl 
1 25.57 29 3.481 3.466 (m) 110 M03AI 
2 27.2 7 3.276 3.265 (vw) ill M03AI8 
3 29 7 3.076 3.052 (m) 
3.063 (vw) 
310 
202 
M05Si3 
M03AI8 
4 36.26 17 2.476 2.457 (m) 002 M05Si3 
5 37.7 7 2.384 2.363 (vw) 204 M03AI8 
6 40.8 100 2.21 2.20 (vs) 
2.1903 (m) 
210 
202 
M03A1 
M05Si3 
7 42.4 7 2.13 2.12 (m) 
2.113 (vs) 
401 
411 
M03AI8 
M05Si3 
8 44.81 36 2.021 2.014 (m) 211 M03A1 
9 51.5 2 1.773 1.7955 (vw) 431 M05Si3 
10 52.3 3 1.748 1.743 (vw) 220 M03AI 
11 59.1 5 1.562 1.563 (vw) 310 M03AI 
12 65.49 14 1.424 1.423 (w) 222 M03AI 
13 67.9 8 1.379 1.3803 (w) 421 M03AI8 
14 68.42 15 1.37 1.368 (w) 320 M03AI 
15 71.29 6 1.322 1.318 (w) 321 M03AI 
16 76.6 3 1.243 1.2352 (vw) 711 M03AI8 
17 77 5 1.237 1.234 (vw) 400 1 'kf- AI 
1 18 82.8 3 1.1 #;. r, 1-10; 1; (v - 
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Table B. 9: XRD data of alloy 3 melt-spun ribbons. 
No ANGLE REL. 
INTEN 
dmeas 
(A) 
dref 
(A) 
hkl PHA 
1 25.83 25 3.446 3.46 (m) / 3.466 (m) 110 M03Si / M03AI 
2 36.73 25 2.445 2.445 (M) 
2.449 (w) / 2.45 (m) 
113,203 
200 
M03AI8 
M03AI / M03Si 
3 38.25 10 2.351 2.351(s) 321 MO, 5Si3 
4 40.3 10 2.236 2.229 (vs) ý12 M03A18 
5 41.23 92 2.188 2.19 (vs) 210 M03Si 
6 41.8 10 2.159 2.1578(s) 420 MO5Si3 
7 42.75 11 2.113 2.113 (vs) 
2.12 (m) 
411 
401 
M05Si3 
M03AI8 
8 45.35 39 1.998 2.00(s) 211 M03Si 
9 52.85 7 1.731 1.73 (vw) 220 M03Si 
10 59.55 7 1.551 1.55 (W) 
1.5573 (vw) 
310 
511,913 
M03Si 
M03AI8 
11 65.91 24 1.416 1.41 (M) 
1.4098 (vw) 
222 
604 
M03Si 
M03AI8 
12 68.96 22 1.361 1.36 (m) 320 M03Si 
13 71.94 19 1.311 1.31 (m) 321 M03Si 
14 77.74 14 1.227 1.22 (M) 
1.2219 (vw) 
400 
425,026 
M03Si 
M03AI8 
15 83.45 6 1.157 1.15 (vw) 
1.1627 (vw) 
4110330 
518 
M03Si 
M03AI8 
16 89.1 8 1.098 1.09 (M) 420 M03Si 
17 1.88 23 1.072 1.07 (vs) 421 M03Si 
18 94.65ý ý 1.048 1.04 (m) 332 M03Si 
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Table B. 10: XRD data of alloy 4 as-cast ingot. 
No ANGLE REL. 
INTEN 
d,,, eas 
(A) 
dref 
(A) 
hkl PHASE 
1 20.2 14 4.392 - - 
2 23.3 18 3.815 3.849 (M) 201 M03AI8 
3 24.3 15 3.66 3.700 (m) 202 M03AI8 
4 25.8 15 3.45 3.466 / 3.46 (m) 110 M03AI / M03Si 
5 26.6 12 3.348 3.375(s) 110 M03AI8 
6 27.46 25 3.246 3.242 (M) 211 M05Si3 
7 29.31 21 3.045 3.052 (m) 310 M05Si3 
8 36.69 27 2.447 2.449 / 2.45 (M) 
2.445 (m) 
200 
113,203 
M03AI / M03Si 
M03AI8 
9 38.23 28 2.352 2.351(s) 321 M05Si3 
10 39.71 22 2.268 2.28 (vs) 
2.274 (vw) 
113 
330 
M03AI8 
M05Si3 
11 40.8 27 2.21 2.229 (vs) 
2.201 (m) 
312 
210 
M03AI8 
M03AI 
12 41.2 53 2.189 2.19 (vs) 
2.1903 (m) 
2.191 (w) 
210 
202 
311 
M03Si 
M05Si3 
M03AI8 
13 41.8 29 2.159 2.. 1578(s) 420 M05Si3 
14 42.83 100 2.11 2.113 (vs) 411 M05Si3 
15 45.38 60 1.997 1.994(s) 222 MO5Si3 
16 46.76 18 1.941 1.9509 (m) 205 M03A]8 
17 50.3 7 1.812 1.8189 (m) 020 M03AI8 
18 52.8 4 1.732 1.73 / 1.743 (vw) 220 M03Si / M03AI 
19 54.3 5 1.688 1.6875 (vw) 220 M03AI8 
20 56 8 1.641 1.6445 (vw) 221,811 M03AI8 
21 56.9 4 1.617 1.6219 (vw) 812,510 M03AI8 
22 59.6 6 1.55 1.55 / 1.563 (m) 
1.5573 (vw) 
310 
511,513 
M03Si / M03AI 
M03AI8 
23 60.5 13 1.529 1.5316 (vw) 
1.5314 (vw) 
404,601 
213 
M03AI8 
M05Si3 
24 61.7 6 1.502 1.4991 (W) 512 M05Si3 
25 64.4 15 1.446 1.4406 (W) 
1.4415 (vw) 
541 
116,224 
M05Si3 
M03AI8 
26 66.6 10 1.403 1.4012 (w) 
1.4069 (vw) 
442 
422 
M05Si3 
M03AI8 
27 67.5 12 1.386 1.3804 (W) 
1.3803 (W) 
631 
421 
M05Si3 
M03AI8 
28 69.6 13 1.35 1.3453 (m) 
1.3504 (vw) 
602 
224 
M05Si3 
M03AI8 
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Table B. 10: (continued) 
No I ANGLE I 
I 
REL. 
INTEN 
d .. e 
(A) 
d ref 
(A) 
hkl PHASE 
29 71.8 10 1.314 1.318 / 1.31 (M) 321 M03AI / M03Si 
30 77.6 13 1.229 1.234 / 1.22 (M) 
1.2283 (vw) 
1.2219 (vw) 
400 
004 
425,026 
M03AI / M03Si 
M05Si3 
M03AI8 
83.3 6 1.159 1.1627 (vw) 
1.1631 (vw) 
a18 
731 
M03AIs 
M05Si3 
32 84.8 5 1.142 1.1398 (vw) 
1.1391 (vw) 
226,133 
314,613 
M03AI8 
M05Si3 
33 87.7 5 1.112 1- - -1 
34 88.3 7 1.106 1.105 (vw) 420 M03AI 
35 90.6 4 1.084 1.09 (M) 420 M03Si 
36 92.1 7 1.07 1.07 / 1.077 (s) 421 M03Si M03AI 
37 93.5 8 1.058 1.055 / 1.04 (M) 332 M03 Al M03 Si 
38 101-9 5 0.992 0.998 / 1.006 (vw) 422 M03Si M03AI 
39 103.4 7 0.982 - - 
40 106.8 6 0.959 0.959/ 0.9697 (W) 510,431 M03Si M03AI 
41 114.95 19 0.914 0.919/ 0.908 (s) 520,432 M03AI M03Si 
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Table B. 11: XRD data of alloy 4 heat-treated ingot. 
No ANGLE I REL. 
INTEN (A) 
dref 
(A) 
hkI PHASE 
1 25.6 57 3.477 3.466 / 3.46 (M) 110 M03AI / M03Si 
2 26.28 78 3.388 3.375(s) 110 M03AI8 
3 27.3 59 3.264 3.242 (m) 
3.265 (vw) 
211 
ill 
M05Si3 
M03AI8 
4 28.8 36 3.097 3.052 (m) 310 M05% 
5 36.34 52 2.47 2.457 (m) 002 M05Si3 
6 37.97 68 2.368 2.351(s) 
2.363 (vw) 
321 
204 
M05Si3 
M03AI8 
7 38. 40 2.319 2.311 (W) 
2.321 (vw) 
112 
310 
M05Si3 
M03AI8 
8 40.5 100 2.225 2.229 (vs) 912 M03AI8 
9 41 98 2.199 2.19 (vs) 
2.1903 (m) 
2.191 (w) 
210 
202 
311 
M03Si 
M05Si3 
M03AI8 
10 42.43 74 2.129 2.113 (vs) 411 M05Si3 
11 44.91 69 2.017 1.994(s) 222 M05Si3 
12 50.1 23 1.819 1.8189 (M) 020 M03AI8 
13 54.1 18 1.694 1.6875 (vw) 220 M03AI8 
14 61.29 21 1.511 1.5233 (vw) 116 M03AI8 
15 63.85 20 1.457 1.4626 (vw) 206,223 M03AI8 
16 66.16 24 1.411 1.41 / 1.423 (M) 
1.4012 (W) 
1.4069 (vw) 
222 
442 
422 
M03Si / M03AI 
M05Si3 
M03AI8 
17 68.24 30 1.373 1.368 / 1.36 (M) 
1.3804 (w) 
1.3803 (w) 
320 
631 
421 
M03AI / M03Si 
M05Si3 
M03AI8 
18 69.37 98 1.354 1.3453 (m) 
1.3504 (vw) 
602 
224 
M05Si3 
M03AI8 
19 77.5 16 1.231 1.234 / 1.22 (M) 
1.2283 (vw) 
400 
004 
M03AI / M03Si 
MO5Si3 
20 78.9 14 1.212 1.22 (m) 
1.2219 (vw) 
400,026 
425,026 
M03Si 
M03AI8 
21 86.6 18 1.123 1.1259 (vw) 732 M05Si3 
22 87.3 21 1.116 1.1202 (vw) 133 M03AI8 
23 88.15 34 1.107 1.105 (vw) 420 M03AI 
24 90.07 23 1.089 1.09 (M) 420 M03Si 
25 92.04 8ý ý1-07 1.07 1.077 (vs) 421 M03AI / M03Si 
26 102.68 18 0.986 0.998 0.97 (vw) 510,431 M03Si / Mo3AI 
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Table B. 12: XRD data of alloy 4 melt-spun ribbons. 
No ANGLE REL. 
INTEN. 
dme,, ý 
(A) 
dref 
(A) 
hkl PHASE 
1 20.2 33 4.392 - 
2 26 25 3.424 3.413 (vw) 220 
_MO5Si3 
3 27.46 42 3.246 3.242 (m) 211 M05Si3 
4 29.15 32 3.061 3.052 (m) 310 MO5Si3 
5 36.56 38 2.456 2.445 (m) 113,203 M03AI8 
6 37.1 29 2.421 2.412 (w) 400 M05Si3 
7 38.13 75 2.358 2.351(s) 321 M05Si3 
8 38.9 18 2.313 2.311 (w) 112 M05Si3 
9 39.4 22 2.285 2.28 (vs) 113 M03AI8 
10 39.8 22 2.263 2.274 (vw) 330 M05Si3 
11 40.1 21 2.247 2.229 (vs) ý12 M03AI8 
12 41.2 64 2.189 2.19 (vs) 
2.1903 (m) 
2.191 (w) 
210 
202 
311 
M03Si 
M05% 
M03AI8 
13 41.41 74 2.179 2.1578(s) 420 M05Si3 
14 42.57 100 2.122 2.113 (vs) 411 M05Si3 
15 45.34 67 1.999 1.994(s) 222 M05Si3 
16 50.4 10 1.809 1.8189 (m) 020 M03AI8 
17 54.1 13 1.694 1.6875 (vw) 220 M03AI8 
18 56.6 10 1.625 1.6255 (vw) 315 M03AI8 
19 56.9 8 1.617 1.6219 (vw) 512,510 M03AI8 
20 60.2 13 1.536 1.5316 (vw) 
1.5314 (vw) 
404,601 
213 
M03AI8 
M05Si3 
21 61.5 10 1.507 1.4991 (w) 512 M05Si3 
22 64.2 13 1.45 1.4406 (w) 
1.4415 (vw) 
541 
116,224 
M05Si3 
M03AI8 
23 66.4 13 1.407 1.4069 (vw) 422 M03AI8 
24 66.6 14 1.403 1.4012 (w) -442 M05Si3 
5 p 67.3 14 1.39 1.3804 (W) 
1.3803 (w) 
631 
421 
M05Si3- 
M03AIB 
CHAPTER B: X-ray diffraction data 
Table B. 12: (continued) 
No ANGLE I RELATIVE 
INTENSITY 
dmeas 
(A) 
dref 
(A) 
I hkl PHASE 
26 68.2 17 1.374 1.3724 (W) 532 M05Si3 
27 69.5 21 1.351 1.3453 (m) 
1.3504 (vw) 
602 
224 
M05Si3. 
M03AI8 
28 77.4 11 1.232 1.2283 (vw) 
1.2219 (vw) 
004 
425,026 
M05Si3 
M03AI8 
29 9 81.4 15 1.101 
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Table B. 13: XRD data of alloy 5 as-cast ingot. 
No ANGLE RELATIVE 
INTENSITY 
dmeas 
(A 
dref 
(A) 
hkl PHASE 
1 23.29 20 3.816 3.849 (m) 201 M03AI8 
2 24.20 22 3.674 3.70 (m) 202 M03A18 
3 26.5 45 3.361 3.375(s) 110 M03AI8 
4 27.15 83 3.282 3.296 (m) 003 M03AI8 
5 27.5 24 3.241 3.242 (m) 211 M05Si3 
6 28.7 13 3.108 3.128 (vw) ill M03A18 
7 29.2 16 3.056 3.052 (m) 
3.063 (vw) 
310 
202 
M05Si3 
M03AI8 
8 30.6 13 2.919 2.938 (vw) 203 M03AI8 
9- 31.2 9 2.864 2.883 (vw) 112 M03AI8 
10 36.65 43 2.45 2.457 (m) 
2.445 (m) 
002 
113,203 
M05Si3 
M03AI8 
11 38.23 34 2.352 2.351(s) 321 MO5Si3 
12 39.64 99 2.272 2.28 (vs) 
2.274 (w) 
113 
330 
M03AI8 
MO5Si3 
13 40.67 100 2.216 2.229 (vs) 312 M03AI8 
14 41.71 32 2.164 2.1578(s) 420 M05Si3 
15 42.83 85 2.11 2.113 (vs) 
2.096(s) 
411 
022 
M05Si3 
C54-Mo(Si, AI)2 
16 45.44 21 1.994 1.994(s) 222 M05Si3 
17 46.61 38 1.947 1.9509 (m) 205 M03AI8 
18 50.27 24 1.813 1.8189 (m) 020 M03AI8 
19 54.4 6 1.685 1.6875 (vw) 
1.6835 (vw) 
220 
521 
M03A18 
M05Si3 
20 55.79 19 1.646 1.6478 (vw) 006,405 M03AI8 
21 56.7 11 1.622 1.6219 (vw) 
1.613 (W) 
912,510 
115 
M03AI8 
C54-Mo(Si, AI)2 
22 58 6 1.589 1.5924 (vw) 023 M03AI8 
23 58.5 7 1.576 1.582 (vw) 314 M03AI8 
24 
L 
60.5 9 1.529 1.5316 (vw) 
1.5314 (vw) 
1.538 (m) 
404,601 
213 
131,511 
M03AI8 
M05Si3 
C54-Mo(Si, AI)2 
25 61.7 4 1.502 1.4991 (w) 
1.504 (m) 
512 
224,404 
M05Si3 
C54-Mo(Si, AI)2 
26 63.66 26 1.461 1.4728 (vw) 
1.472 (vw) 
514 
422 
M03A18 
C54-Mo(Si, AI)2 
27 64.5 9 1.444 1.4415 (vw) 
1.4406 (w) 
116,224 
541 
M03AI8 
M05Si3 
28 66.6 10 1.403 1.4012 (W) 
1.4069 (vw) 
442 
422 
M05Si3 
M03A18 
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Table B. 13: (continued) 
No ANGLE RELATIVE 
INTENSITY 
I d,,,,,, 
(A) 
ý d,, f 
(A) 
hkl I PHAS ý71 
1.413(s) 315 C54-Mo(Si, AI)2 
29 68.14 15 1.375 1.377 (m) 
1.3724 (w) 
1.3803 (w) 
133,513 
532 
421 
C54-Mo(Si, AI)2 
M05Si3 
M03AI8 
30 69.9 8 1.345 1.3453 (m) 
1.3504 (vw) 
602 
224 
M05Si3 
M03AI8 
31 70.9 6 1.328 1.3304 (vw) 225 M03A]8 
32 73.8 3 1.283 1.2797 (vw) 721 M05Si3 
33 75.6 7 1.257 1.2612 (vw) 
1.248 (vs) 
514 
333,026 
M03AI8 
C54-Mo(Si, AI)2 
34 77.6 13 1.229 1.2283 (vw) 004 M05Si3 
35 81 8 1.186 1.1876 (vw) 
1.192 (vs) 
118 
620 
M03AI8 
C54-Mo(Si, AI)2 
36 84.8 11 1.142 1.1391 (vw) 
1.398 (vw) 
314,613 
226, i33 
M05Si3 
M03AI8 
37 85.4 7 1.136 1.1369 (vw) 
1.366 (vw) 
660 
712,317 
M05Si3 
M03AI8 
38 87.2 8 1.117 1.1202 (vw) 
1.1259 (vw) 
133 
732 
M03AI8 
MO5Si3 
39 87.8 13 1.111 1.1087 (vw) 543 M05Si3 -7 
40 88.3 8 1.106 1 1.1004 (w) 831 MO5Si3 
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Table B. 14: XRD data of alloy 5 heat-treated ingot. 
No ANGLE RELATIVE 
INTENSITY 
d .... 
(A 
dref 
(A) 
hkl PHASE 
1 20.2 14 4.392 4.439 (vw) 201 M03A18 
2 23.3 10 3.815 3.849 (m) 201 M03AI8 
3 23.8 9 3.736 3.72 (m) ill C54-Mo(Si, AI)2 
4 24.3 10 3.66 3.70 (m) 202 M03AI8 
5 26.57 77 3.352 3.375(s) 110 M03AI8 
6 27.6 27 3.229 3.242 (m) 211 M05Si3 
7 28.7 20 3.108 3.128 (vw) ill M03AI8 
8 29.3 17 3.046 3.052 (m) 
3.063 (vw) 
310 
202 
M05Si3 
M03AI8 
9 30.6 9 2.919 2.938 (vw) 203 M03AI8 
10 31.2 14 2.864 2.883 (vw) 112 M03AI8 
11 33.3 8 2.688 2.701 (vw) 112 M03AI8 
12 36.88 27 2.435 2.445 (m) 
2.457 (m) 
113,203 
002 
M03AI8 
M05Si3 
13 38.32 42 2.347 2.351(s) 321 MO5Si3 
14 39.1 15 2.302 2.295 (vs) 
2.311 (w) 
311 
112 
C54-Mo(Si, AI)2 
M05Si3 
15 39.68 88 2.269 2.28 (vs) 
2.274 (w) 
113 
330 
M03AI8 
M05Si3 
16 40.70 100 2.215 2.229 (vs) 312 M03AI8 
17 41.4 31 2.179 2.1903 (m) 
2.191 (w) 
202 
311 
MO5Si3 
M03AI8 
18 41.77 25 2.161 2.1578(s) 420 M05Si3 
19 42.75 74 2.113 2.113 (vs) 
2.096(s) 
411 
022 
M05Si3 
C54-Mo(Si, AI)2 
20 45.54 19 1.99 1.994(s) 222 M05Si3 
21 50.35 38 1.811 1.8189 (m) 020 M03AI8 
22 54.5 
1 
10 1.682 1.6875 (vw) 
1.6835 (vw) 
220 
521 
M03AI8 
M05Si3 
23 56.6 11 1.625 1.6478 (vw) 006,405 M03AI8 
24 57.1 6 1.612 1.6219 (vw) 
1.613 (w) 
512,510 
115 
M03AI8 
C54-Mo(Si, AI)2 
25 58.06 17 1.587 1.5924 (vw) 023 M03AI8 
26 58.5 6 1.576 1.582 (vw) 314 M03AI8 
27 60.6 7 1.527 1.5316 (vw) 
1.5314 (vw) 
1.538 (m) 
404,601 
213 
131,511 
M03AI8 
M05Si3 
C54-Mo(Si, AI)2 
28 61.8 4 1.5 1.4991 (w) 
1.504 (m) 
512 
224,404 
M05Si3 
C54-Mo(Si, AI)2 
29 1 63.6 6 1.462 1.4728 (vw) 514 M03A18 
396 
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Table B. 14: (continued) 
No ANGLE RELATIVE dmeas dref hkl PHASE 
INTENSITY (A (A) 
j 
1.472 (vw) 422 C54-Mo(Si, AI)2 
30 64.7 7 1.44 1.4415 (vw) 116,224 M03AI8 
1.4406 (w) 541 M05Si3 
31 66.6 12 1.403 1.4012 (w) 442 M05Si3 
1.4069 (vw) 422 M03AI8 
1.413(s) 315 C54-Mo(Si, AI)2 
32 68.15 22 1.375 1.377 (m) 133,513 C54-Mo(Si, AI)2 
1.3724 (w) 532 M05Si3 
1.3803 (W) 421 M03AI8 
33 70.03 14 1.342 1.3453 (M) 602 M05Si3 
1.3504 (vw) 224 M03AI8 
34 71 20 1.326 1.3304 (vw) 225 M03AI8 
35 75.6 7 1.257 1.2612 (vw) 514 M03AI8 
1.248 (vs) 333,026 C54-Mo(Si, AI)2 
36 77.5 8 1.231 1.2283 (vw) 004 M05Si3 
37 78.4 9 1.219 1.2219 (vw) 425,026 M03A18 
1.2086 (vw) 114,523 M05Si3 
38 80 7 1.198 1.1979 (vw) 651 M05Si3 
L 1.197 (m) 040,117 C54-Mo(Si, AI)2 
39 81.7 6 1.178 1.1778 (vw) 714 M03A18 
40 82.5 9 1.168 1.168 (w) 135,515 C54-Mo(Si, AI)2 
1.1698 (vw) 820 M05Si3 
41 85.4 9 1.136 1.1369 (vw) 660 M05Si3 
1.366 (vw) 712,317 M03AI8 
42 87.2 8 1.117 1.1202 (vw) 133 M03AI8 
43- 1 87.8 25 1.111 1.1087 (vw) 543 M05Si3 
8 1.104 1.1004 (W) 831 M05Si3 
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Table B. 15: XRD data of alloy 5 melt-spun ribbons. 
NGLE RELATIVE 
INTENSITY 
d,,,., 
('ý') 
df 
(A) 
hkl PHASE 
1 23.38 39 3.802 3.849 (m) 201 M03AI8 
2 24.28 36 3.663 3.70 (m) 202 M03AI8 
3 26.3 39 3.386 3.375(s) 110 M03AI8 
4 26.76 49 3.329 - - 
5 27.3 41 3.264 3.296 (m) 003 M03AI8 
6 27.66 47 3.223 3.242 (m) 211 M05Si3 
7 29.4 44 3.035 3.052 (m) 
3.063 (vw) 
310 
202 
M05Si3 
M03A18 
8 36.8 33 2.44 2.457 (m) 
2.445 (m) 
002 
113,203 
M05% 
M03A18 
9 37.3 32 2.409 2.412 (w) 400 M05Si3 
10 38.39 61 2.343 2.351(s) 321 M05Si3 
11 39.2 37 2.296 2.295 (vs) 311 C54-Mo(Si, AI)2 
12 39.84 84 2.261 2.28 (vs) 
2.274 (w) 
113 
330 
M03AI8 
M05Si3 
13 40.80 100 2.21 2.229 (vs) 512 M03AI8 
14 41.4 45 2.179 2.184(s) 004 C54-Mo(Si, AI)2 
15 41.91 64 2.154 2.1578(s) 420 M05Si3 
16 42.92 100 2.105 2.113 (vs) 
2.096(s) 
411 
022 
M05Si3 
C54-Mo(Si, AI)2 
17 45.62 40 1.987 1.994(s) 222 M05Si3 
18 46.76 26 1.941 1.9509 (m) 205 M03A18 
19 49.3 16 1.847 1.842(s) 313 C54-Mo(Si, AI)2 
20 50.56 24 1.804 1.8189 (m) 020 M03AI8 
21 54.6 15 1.679 1.6875 (vw) 
1.6835 (vw) 
220 
521 
M03AI8 
M05Si3 
22 56 14 1.641 1.6478 (vw) 006,405 M03AI8 
23 56.9 16 1.617 1.6219 (vw) 
1.613 (w) 
512,510 
115 
M03A18 
C54-Mo(Si, AI)2 
24 58.3 13 1.581 1.5924 (vw) 023 M03AI8 
25 60.7 19 1.524 1.5316 (vw) 
1.5314 (vw) 
1.538 (m) 
404,601 
213 
131,511 
M03AI8 
M05Si3 
C54-Mo(Si, AI)2 
26 
27 
61.8 
63.8 
13 
14 
1.5 
1.458 
1.4991 (w) 
1.4728 (vw) 
1.472 (vw) 
512 
814 
422 
M05% 
M03A]s 
C54-Mo(Si, AI)2 
28 64.6 15 1.442 1.4415 (vw) 
1.4406 (w) 
116,224 
541 
M03AI8 
M05Si3 
29 66.6 18 1.403 1.4012 (w) 
1.4069 (vw) 
442 
422 
M05Si3 
M03AI8 
398 
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Table B. 15: (continued) 
No ANGLE RELATIVE 
INTENSITY 
d,,,, as 
(A) 
dref 
(A) 
hkl PHASE 
1.413(s) 315 C54-Mo(Si, AI)2 
30 68.4 29 1.37 1.3724 (w) 
1.3803 (w) 
1.377 (m) 
532 
421 
133,513 
M05S13 
M03AI8 
C54-Mo(Si, AI)2 
31 
1 
70 20 1.343 1.3453 (m) 
1.3504 (vw) 
602 
224 
M05Si3 
M03AI8 
32 71.1 7 1.325 1.3304 (vw) 2-25 M03AI8 
33 73.8 11 1.283 1.2797 (vw) 721 M05Si3 
34 75.7 16 1.255 1.2612 (vw) 
1.248 (vs) 
514 
333,026 
M03A]8 
C54-Mo(Si, AI)2 
35 77.64 21 1.229 1.2283 (vw) 004 MO5Si3 
36 80.3 11 1.195 1.197(s) 040,117 C54-Mo(Si, AI)2 
37 81.9 16 1.175 1.1751 (W) 642 M05Si3 
38 82.9 14 1.164 1.168 (W) 135,515 C54-Mo(Si, AI)2 
39 85.1 13 1.139 1.1398 (vw) 
1.1397 (vw) 
226,133 
314,613 
M03AI8 
M05Si3 
40 88 18 1.109 1.1087 (vw) 543 M05Si3 
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B. 3 Oxide scale studies 
Table B. 16: XRD data of the oxide scale formed on the MOSi2+5 
at% Al alloy upon oxidation at 1400'C. 
400 
No ANGLE RELATIVE 
INTENSITY 
d,,,,,,. I 
(A) 
d,, f 
(A) 
hkl PHASE 
25.80 55 3.451 3.44 (vs) 101 C40-Mo(Si, AI)2 
2- 26.20 16 3.399 3.39 (vs) 210 M1203-MO2 (Mullite) 
3 26.50 16 3.361 - - 
F 
4 27.20 6 3.276 3.25 (vw) - Si02 (Tridymite) 
55 27.70 8 3.218 3.215 (vw) - 
Si02 (Tridymite) 
6 6 29.60 10 3.015 3.017 (vw) - 
Si02 (Tridymite) 
7 30.30 11 2.947 2.950 (vw) - Si02 (Tridymite) 
8 31.20 7 2.864 2.886 (m) 001 3Al2O3*2SiO2 (Mullite) 
9 33.50 9 2.673 2.694 (m) 220 M1203-MO2 (Mullite) 
10 35.38 83 2.535 2.542(s) 
2.548(s) 
111 
102 
3A12 03 - 2SiO2 (Mullite) 
C40-Mo(Si, AI)2 
11 36.80 12 2.44 2.428 (w) 130 3AI203,2SiO2 (Mullite) 
12 38.00 55 2.366 2.379 (m) 110 A1203 (Corundum) 
13 38.50 22 2.336 2.329(s) 110 C40-Mo(Si, AI)2 
14 41.10 13 2.194 2.192 (vs) 
(2.1903 (m) 
003,111 
202 
C40-Mo(Si, A1)2 
M05Si3 
15 41.50 18 2.174 2.1578(s) 
. 
420 M05Si3 
16 42.10 21 2.145 2.121 (m) 230 M1203-MO2 (Mullite) 
17 43.00 30 2.102 2.113 (vs) 
2.106 (vw) 
411 
320 
M05Si3 
M1203-MO2 (Mullite) 
18 43.58 100 2.075 2.085 (vs) 113 A1203 (Corundum) 
19 45.76 23 1*981 1.994(s) 
1.969 (vw) 
222 
221 
M05Si3 
3A12 03 - 
2SiO2 (Mullite) 
20 52.77 38 1.733 1.74 (m) 024 A1203 (Corundum) 
21 57.72 61 1.596 1.592(s) 
1.599 (m) 
113 
041 
C40-Mo(Si, AI)2 
3AI203,2SiO2 (Mullite) 
22 
1 
60.90 10 1.52 1.518(s) 
1 1.5242 (m) 
210 
331 
C40-Mo(Si, AI)2 
3A12 03 - 2SiO2 (Mullite) 
- 23 61.40 7 1.509 1.51 (vw) 018 A1203 (Corundum) 
24 64.90 9 1.436 1.4406 (w) 541 M05Si3 
25 66.74 24 1.4 1.4012 (w) 
1.4046 (vw) 
442 
520 
M05Si3 
3AI203-2SiO2 (Mullite) 
26 67.30 9 1.39 1.3932 (vw) 112 3AI203-2SiO2 (Mullite) 
27 68.44 44 1.37 1.3724 (w) 710 M05Si3 
28 70.41 13 1.336 1.338 (vs) 
1.3356 (w) 
114 
151 
C40-Mo(Si, AI)2 
3AI203 - 2SiO2 (Mullite) 
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Table B. 16: (continued) 
No I ANGLE I RELATIVE 
INTENSITY 
d .. eas 
(A) 
d,, f 
(A) 
hkl PHASE 
29 74.40 4 1.274 1.276 (vw) 208 A1203 (Corundum) 
30 75.80 5 1.254 1.241 (vs) 302 C40-Mo(Si, AI)2 
31 77.10 7 1.236 1.239 (w) 1.0.10 A1203 (Corundum) 
32 77.40 6 1.232 1.2343 (vw) 119 A1203 (Corundum) 
33 78.10 3 1.223 1.2283 (vw) 004 M05Si3 
34 80.90 6 1.187 1.1898 (Vw) 220 A1203 (Corundum) 
35 82.20 5 1.172 1.175 (w) 642 M05Si3 
36 84.60 4 1.145 1.147 (vw) 223 A1203 (Corundum) 
37 85.50 5' 1.135 1.1382 (vw) 311 A1203 (Corundum) 
38 8 . 90 4 1.131 1.1369 (vw) 660 
M05Si3 
39 86.60 6 1.123 1.1246 (vw) 128 A1203 (Corundum) 
40 89.10 10 1.098 1.0988 (vw) 0.2.10 A1203 (Corundum) 
CHAPTER B: X-rav diffraction data 
Table B. 17: XRD data of the oxide scale fonned on the MOSi2+40 
at% Al alloy upon oxidation at 14000C. 
No ANGLE RELATIVE 
INTENSITY 
d .. e., 
(A) 
d,, f 
(A) 
hM PHASE I 
25.77 48 3.455 3.479(s) 012 A1203 (Corundum) 
2 29.60 11 3.015 3.052 (m) 310 M05Si3 
3 35.35 62 2.537 2.552 (vs) 104 A1203 (Corundum) 
4 36.70 14 2.447 2.457 (m) 002 M05Si3 
5 37.99 97 2.367 2.379 (m) 110 A1203 (Corundum) 
6 39.10 7 2.302 2.311 (w) 112 M05Si3 
7 41.30 14 2.184 2.1903 (m) 202 M05Si3 
8 42.90 9 2.106 2.113 (vs) 411 MOSSi3 
9 43.56 100 2.076 2.085 (vs) 113 A1203 (Corundum) 
10 45.60 15 1.988 1.994(s) 222 M05Si3 
11 46.40 5 1.955 1.964 (vw) 202 A1203 (Corundum) 
12 47.40 6 1.916 1.917 (vw) 201,103 C40-Mo(Si, AI)2 
13 52.75 33 1.734 1.74 (m) 024 A1203 (Corundum) 
14 57.67 66 1.597 1.601(s) 116 A1203 (Corundum) 
15 59.90 5 1.543 1.546 (vw) 211 A1203 (Corundum) 
16 60.60 3 1.527 - - 
17 61.40 8 1.509 1.51 (vw) 018 A1203 (Corundum) 
18 66.70 38 1.401 1.404 (m) 124 A1203 (Corundum) 
19 68-39 75 1.371 1.374(s) 030 A1203 (Corundum) 
20 77.00 7 1.237 1.239 (w) 1-0-10 A1203 (Corundum) 
21 77.40 6 1.232 1.2343 (vw) 119 A1203 (Corundum) 
22 77.70 7 1.228 1.2283 (vw) 004 M05Si3 
23 80.80 9 1.188 1.1898 (vw) 220 A1203 (Corundum) 
24 84.10 4 1.15 1.16 (vw) 306 A1203 (Corundum) 
2-5 84.50 6 1.146 1.147 (vw) 223 A1203 (Corundum) 
26 86.50 7 1.124 1.1246 (vw) 128 A1203 (Corundum) 
27 89-10 8 1.098 1.0945 (vw) 404 M05Si3 
402 
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Table B. 18: XRD data of the oxide scale formed on alloy 1 upon 
oxidation at 5001C. 
No ANGLE RELATIVE 
INTENSITY 
d,,, cas 
(A) 
dref 
(A) 
kl PHASE 
1 20.65 10 4.298 4.328 (vs) - Si02 (Tridymite) 
2 23.40 39 3.798 3.808(s) 110 M003 
3 25.20 18 3.531 3.53 (Vw) 110 Si02 (Cristobalite) 
4 26.02 31 3.42-2 3.44 (m) 
3.44 (vs) 
120 
101 
M003 
C40-Mo(Si, AI)2 
5 27.38 62 3.254 3.259 (vs) 021 M003 
6 29.20 11 3.056 3.052 (m) 310 M05Si3 
7 33.30 15 2.688 2.703 (w) 101 M003 
8 33.85 24 2.646 2.653 (m) ill M003 
9 35.39 19 2.534 2.548 (vs) 
2.5267 (vw) 
102 
041 
C40-Mo(Si, AI)2 
M003 
10 38.34 97 2.346 2.351(s) 321 MO5Si3 
11 39.85 10 2.26 2.274 (w) 
2.2707 (w) 
330 
150 
M05Si3 
M003 
12 41.21 30 2.189 2.192 (vs) 
1 2.1903 (m) 
003,111 
202 
C40-Mo(Si, AI)2 
M05Si3 
13 44.63 18 2.029 1 2.019 (vw) 202 Si02 (Cristobalite) 
14 45.01 18 2.013 2.016(s) 200 C40-Mo(Si, AI)2 
15 45.90 17 1.976 1.9812 (vw) 200 M003 
16 46.30 14 1.959 1.9585 (w) 061 M003 
17 
. 
48.01 33 1.893 1.897 (vs) 112 C40-Mo(Si, AI)2 
18 49.41 21 1.843 1.8483 (w) 002 M003 
19 52.85 15 1.731 1.7324 (w) 211 M003 
20 55.37 19 1.658 1.6626 (w) 112 M003 
21 56.50 17 1.627 1.6285 (vw) 122 MOO, 3 
22 57.95 17 1.59 1.5969 (w) 171 M003 
23 58.95 12 1.565 15682 (w) 081 M003 
24 62.77 17 1.479 1.4776 (w) 
1.482 (vs) 
251 
211 
M003 
C40-Mo(SiAI)2 
25 64.80 16 1.438 1.4337 (vw) 
1.4406 (w) 
152 
541 
M003 
M05Si3 
26 67.80 10 1.381 1.381 (m) 
1.3804 (w) 
212 
631 
C40-Mo(SiAI)2 
M05S 
27 70.35 16 1.337 1.3418 (m) 
1 1.338 (vw) 
413 
191 
MO5Si3 
M003 
28 71.65 23 1.316 1.315 (vs) 301 C40-Mo(Si, AI)2 
29 76.61 20 1.243 1.241(s) 302 C40-Mo(Si, AI)2 
30 78.15 11 1.222 1.2283 (vw) 004 M05Si3 
31 1 82.65 16 1.167 1.162 (vs) 220 C40-Mo(Si, AI)2 
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Table B. 18: (continued) 
No I ANGLE I RELATIVE - 
INTENSITY I 
F-d,,. 
ý- 
(A) 
F df 
(A) 
1ý7d-j PHASE ýl 
32 82.94 14 1.163 1.162 (vs) 220 C40-Mo(SiAlh 
33 85.05 13 1.14 1.141 (vs) 115 C40-Mo(Si, AI)2 
34 95.85 11 1.038 1.038(s) 304 C40-Mo(SiAI)2 
35 97.15 15 1.027 1.025 (vs) 223 C40-Mo(SiAI)2 
36 112.00 15 0.929 0.9219(s) 320,314 C40-Mo(SiAI)2 
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Table B. 19: XRD data of the oxide scale formed on alloy 1 upon 
oxidation at 8001C. 
No ANGLE RELATIVE 
INTENSITY 
I dmeas 
(A) 
df a hkl 
PHASE 
1 21.95 17 4.046 4.05 (VW) 100 C40-Mo(Si, AI)2 
2 22.30 16 3.983 - - 
3 26.06 50 3.417 3.428 (vs) 
3.413 (VW) 
120 
220 
3A12 03 * 2Si02 (Mullite) 
M05Si3 
4 27.50 10 3.241 3.242 (m) 211 MO5Si3 
5 2_9.24 53 3.052 3.052 (m) 310 M05Si3 
6 36.55 10 2.456 2.457 (m) 002 MO5Si3 
7 37.10 12 2.421 2.428 (w) 130 M1203-MO2 (MUllite) 
8 38-23 32 2.352 2.351(s) 321 M05Si3 
9 39.67 63 2.27 2.274 (vw) 330 M05Si3 
10 41.28 70 2.185 2.192 (vs) 
2.1903 (m) 
003,111 
202 
C40-Mo(Si, AI)2 
M05Si3 
11 41.95 12 2.152 2.1578(s) 420 M05Si3 
12 42-73 100 2.114 2.113 (vs) 411 M05Si3 
13 45.25 32 2.002 1.994(s) 
2.016 (m) 
222 
200 
M05Si3 
C40-Mo(Si, AI)2 
14 48.00 12 1.894 1.897 (vs) 
1.887 (vw) 
112 
400 
C40-Mo(Si, AI)2 
3A12 03 - 2SiO2 (Mullite) 
15 54.25 8 1.689 1.694 (vw) 420 3A]2O3.2SiO2 (Mullite) 
16 54.50 11 1.682 1.6835 (vw) 521 M05Si3 
17 60.75 4 1.523 1.5254 (vw) 
1.5242 (m) 
620 
331 
M05Si3 
3A12 03 - 2SiO2 (Mullite) 
18 62.45 5 1.486 1.482(s) 
1.4811 (vw) 
211 
510 
C40-Mo(Si, AI)2 
3A12 03 - 2SiO2 (Mullite) 
19 64.75 4 1.439 1.4406 (w) 
1.4421 (w) 
541 
002 
M05% 
3Al2O3-2SiO2 (Mullite) 
20 66.60 6 1.403 1.4012 (w) 
1.4046 (vw) 
442 
520 
M05Si3 
3A]203-2SiO2 (Mullite) 
21 67.95 51 1.378 1.3724 (w) 
1.381 (m) 
532 
212 
M05Si3 
C40-Mo(Si, AI)2 
22 69.85 16 1.345 1.3453 (m) 602 M05% 
23 72.00 13 1.31 1.315(s) 301 C40-Mo(Si, AI)2 
24 76.85 14 1.239 1.241(s) 302 C40-Mo(Si, AI)2 
25 80.40 10 1.193 1 1.1932 (vw) 712 M05% 
26 81.80 24 1.176 1.1751 (w) 642 M05Si3 
27 84 . 80 
6 1.142 1.141(s) 115 C40-Mo(Si, AI)2 
28 88.75 5 1.101 1.1 (M) 311 C40-Mo(Si, A1)2 
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Table B. 20: XRD data of the oxide scale formed on alloy 1 upon 
oxidation at 950*C. 
No ANGLE RELATIVE 
INI 
I d,,,,, 
(, A) 
I d,, f 
(, &) 
hkl PHA 
21.99 50 4.039 4.05 (vs) 
4.05 (vw) 
101 
100 
Si02 (Cristobalite) 
C40-Mo(Si, AI)2 
2 26.11 26 3.41 3.413 (vw) 990 M05Si3 
3 27.60 18 3.929 3.242 (m) 211 M05Si3 
4 28.45 6 3.135 3.14 (w) ill Si02 (Cristobalite) 
5 29.30 9 3.046 3.052 (m) 310 M05Si3 
6 31.35 6 2.851 2.841 (w) 102 Si02 (Cristobalite) 
7 35.35 8 2.537 2.548(s) 102 C40-MO(Si, AI)2 
8 36.10 8 2.486 2.485 (w) 200 Si02 (Cristobalite) 
9 36.64 18 2.451 2.457 (m) 002 M05Si3 
10 38.40 39 2.342 2.351(s) 
2.34 (vw) 
321 
201 
M05Si3 
Si02 (Cristobalite) 
11 38.80 9 2.319 2.311 (w) 
2.329 (m) 
112 
110 
M05Si3 
C40-MO(SiiA1)2 
12 41.35 100 2.182 2.192 (vs) 
2.1903 (m) 
003,111 
202 
C40-Mo(Si, AI)2 
M05sb 
13 42.05 14 2.147 2.1578(s) 420 M05Si3 
14 42.89 63 2.107 2.113 (vs) 411 M05Si3 
15 45.50 15 1.992 1.994(s) 999 M05Si3 
16 47.95 _ 10 1.896 1.897 (vs) 112 C40-Mo(Si, AI)2 
17 54.60 7 1.679 1.6835 (vw) 521 M05Si3 
18 57.60 4 1.599 1.6 (vw) 
1.592 (m) 
213 
113 
Si02 (Cristobalite) 
C40-Mo(Si, AI)2 
60.45 4 1.53 1.5314 (vw) 
1.533 (vw) 
213 
311 
M05Si3 
Si02 (Cristobalite) 
20 61.90 5 1.498 1.4991 (w) 
1.494 (vw) 
512 
302 
M05Si3 
Si02 (Cristobalite) 
21 62.70 9 1.481 1.482(s) 211 C40-Mo(Si, AI)2 
22 64.85 7 1.437 1.431 (m) 
1.4406 (w) 
312 
541 
Si02 (Cristobalite) 
M05Si3 
23 66.95 5 1.397 1.398 (vw) 
1.4012 (w) 
223 
442 
Si02 (Cristobalite) 
M05Si3 
24 68.00 41 1.378 1.379 (vw) 
1.3804 (w) 
320 
631 
Si02 (Cristobalite) 
M05Sb 
1.381 (m) 212 C40-Mo(Si, AI)2 
25 70.05 9 1.342 1.346 (vw) 
1.3453 (m) 
303 
602 
Si02 (Cristobalite) 
MO5Si3 
26 
. 
71.95 8 1.311 1.315(s) 301 C40-Mo(Si, AI)2 
27 74.20 3 1.277 1.2797 (vw) 721 M05Si3 
406 
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Table B. 20: (continued) 
No ANGLE RELATIVE 
INTENSITY 
d .. 
(A) 
d X hkI PHASE 
28 76.80 15 1.24 1.241(s) 
1.242 (vw) 
302 
400 
C40-Mo(Si , Alh 
Si02 (Cristobalite) 
29 77.65 4 1.229 1.2283 (vw) 004 M05Si3 
30 80.20 5 1.196 1.1979 (vw) 651 M05% 
31 82.10 4 1.173 1.1751 (w) 642 M05Si3 
32 83.20 5 1.16 1.162(s) 
1.1631 (vw) 
220 
741 
C40-Mo(Si, AI)2 
M05Si3 173 
89.10 13 1.098 1.091 (M) 
1.1004 (w) 
006 
831 
C40-Mo(Si, AI)2 
M05Si3 
CHAPTER B: X-raV diffraction data 
Table B. 21: XRD data of the oxide scale formed on alloy 1 upon 
oxidation at 14001C. 
408 
No I ANGLE I RELATIVE 
INTENSITY 
d,, eas 
(A) 
d,, f 
(A) 
hkl PHASE 
1ý 21.79 57 4.075 4.05 (vs) 
4.05 (vw) 
101 
100 
Si02 (Cristobalite) 
C40-Mo(Si, AI)2 
2 25.72 42 3.46 3.479 (vs) 012 A1203 (Corundum) 
3 26.15 35 3.405 3.428 (vs) 
3.413 (vw) 
120 
990 
3A12 03 - 2SiO2 (Mullite) 
M05Si3 
4 26.43 44 3.369 3.39 (vs) 210 M1203-MO2 (Mullite) 
5 27.65 24 3.224 3.242 (m) 211 M05Si3 
6 29.35 14 3.041 3.052 (m) 310 M05Si3 
7 31.07 27 2.876 2.886 (w) 001 3A]203'2SiO2 (Mullite) 
8 33.30 18 2.688 2.694 (m) 220 3AI203,2SiO2 (Mullite) 
9 35.28 73 2.542 2.542 (m) 
2.552 (vs) 
2.548 (vs) 
111 
104 
102 
M1203-MO2 (Mullite) 
A1203 (Corundum) 
C40-Mo(SiAI)2 
10 36.75 13 2.444 2.457 (m) 
2.428 (w) 
002 
130 
M05Si3 
M1203-MO2 (Mullite) 
11 37.90 21 2.372 2.379 (m) 110 A1203 (Corundum) 
12 38-36 100 2.344 2.351(s) 321 M05Si3 
13 39-35 14 2.288 2.292 (w) 201 3A]203 2SiO2 (Mullite) 
14 40-93 33 2.203 2.206(s) 121 3A12 03 2SiO2 (Mullite) 
15 41.45 17 2.177 2.1903 (m) 
2.192 (vs) 
202 
003,111 
M05Si3 
C40-Mo(Si, AI)2 
16 42.00 13 2.149 2.1578(s) 420 M05Si3 
17 42.86 95 2.108 2.113 (vs) 
2.106 (vw) 
411 
320 
M05Si3 
M1203-MO2 (Mullite) 
18 43.50 38 2.079 2.085 (vs) 113 A1203 (Corundum) 
19 45.45 19 1.994 1.994(s) 222 M05Si3 
20 49-50 7 1.84 1.841 (vw) 311 M1203-M02 (Mullite) 
21 50.90 7 1.793 1.7954 (vw) 330 M1203-MO2 (Mullite) 
92 52.65 16 1.737 1.74 (m) 024 A1203 (Corundum) 
23 54.40 12 1.685 1.694 (vw) 420 M1203-MO2 (Mullite) 
24 57.60 28 1.599 1.601 (vs) 
1.5999 (W) 
1.592 (m) 
116 
041 
113 
A1203 (Corundum) 
M1203-MO2 (Mullite) 
C40-Mo(SiAI)2 
25 60.70 14 1.524 1.5242 (m) 331 M1203-MO2 (Mullite) 
26 61.89 18 1.498 1.4991 (w) 512 M05Si3 
27 64.70 16 1.44 1.4406 (w) 
1.4421 (w) 
541 
002 
M05Si3 
3AI203,2SiO2 (Mullite) 
28 66.65 21 1.402 1.404 (m) 
1.4012 (w) 
124 
442 
A1203 (Corundum) 
Mozjsiý 
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Table B. 21: (continued) 
ANGLE RELATIVE d .. def hkl 
PHASE 
INTENSITY (A) (A) 
1.4046 (vw) 520 3AI203 - 2Si02 (Mullite) 
29 67.85 28 1.38 1.3804 (w) 631 M05Si3 
1.381 (m) 212 C40-Mo(Si, AI)2 
30 68.2-2 33 1.374 1.374 (m) 030 A1203 (Corundum) 
31 69.96 28 1.344 1.3453 (m) 602 M05Si3 
1.3462 (vw) 440 3Al2O3*2SiO2 (Mullite) 
1.338(s) 114 C40-Mo(Si, AI)2 
32 74.15 6 1.278 1.276 (vw) 208 A1203 (Corundum) 
1.2797 (vw) 721 M05Si3 
33 76.75 7 1.241 1.241(s) 302 C40-Mo(Si, AI)2 
1.239 (w) 1.0.10 A1203 (Corundum) 
34 79.15 7 1.209 1.2086 (vw) 114,523 M05Si3 
35 80.50 16 1.192 1.1932 (vw) 712 M05Si3 
1.1898 (vw) 220 A1203 (Corundum) 
36 81.95 18 1.175 1.1751 (w) 642 M05Si3 
37 85.10 4 1.139 1.1391 (vw) 314,613 M05Si3 
1.1382 (vw) 311 A1203 (Corundum) 
38 86.35 6 1.126 1.1259 (vw) 732 MO, 5Si3 
1.1255 (vw) 312 A1203 (Corundum) 
39 88.05 9 1.108 1.1087_(vw) 543 M05Si3 
40 88.95 6 1.099 1.0988 (vw) 0.2.10 A1203 (Corundum) 
1.0945 (vw) 404 M05Si3 
CHAPTER B: X-ray diffraction data 410 
Table B. 2-2: XRD data of the oxide scale formed on alloy 2 upon 
oxidation at 800'C. 
No I ANGLE I RELATIVE 
INTENSITY 
d,,,,,,. 
(A) 
dref 
(A) 
hkI PHASE 
1 21.67 100 4.098 4.107 (vs) - Si02 (Tridymite) 
2 25.97 37 3.428 3.428 (vs) 120 3AI203.2-SiO2 (Mullite) 
3 31.00 20 2.882 2.886 (w) 001 3AI203*2SiO2 (Mullite) 
4 33.00 17 2.712 2.694 (m) 220 3AI203 - 2SiO2 (Mullite) I 
5 35.20 23 2.547 2.542(s) 
2.552 (vs) 
111 
104 
3A1203 * 2SiO2 (Mullite) 
A1203 (Corundum) 
6 39.30 14 2.291 2.292 (w) 201 3A12 03 - 
2SiO2 (Mullite) 
7 40.60 18 2.22 2.206(s) 121 3Al2O3*2SiO2 (Mullite) 
8 42.30 12 2.135 2.137 (vw) - Si02 (Tridymite) 
9 47.90 8 1.898 1.887 (vw) 400 M1203-MO2 (Mullite) 
10 53.30 8 1.717 1.7125 (vw) 240 3AI203 - 2SiO2 (Mullite) 
11 60.70 12 1.524 1.5242 (m) 331 3AI203 * 2SiO2 (Mullite) 
12 68.21 22 1.374 1.374(s) 030 A1203 (Corundum) 
13 84.84 16 1.142 1.147 (vw) 993 A1203 (Corundum) 
14 103.90 7 =. 978 0.9819 (vw) 404 A1203 (Corundum) 
15 109.20 8 1 0.945 0.9431 (vw) 321 A1203 (CorunduTIJ 
CHAPTER B: X-ray diffraction data 
Table B. 23: XRD data of the oxide scale formed on alloy 2 upon 
oxidation at 950'C. 
No ANGLE RELATIVE 
INTENSITY 
d,,,,,,, 
(A) 
dref 
(A) 
hkl PHASE 
1 21.82 43 4.069 4.107 (vs) - Si02 (Tridymite) 
2 23.30 24 3.815 3.818 (M) 
3.82(s) 
- 
121 
Si02 (Tridymite) 
A12(MO04)3 
3 26.16 56 3.404 3.39 (vs) 
3.39(s) 
3.396 (vw) 
210 
212 
- 
3AI203 * 2Si02 (Mullite) 
A12(MO04)3 
SiO2 (Tridymite) 
4 29.63 39 3.013 3.017 (vw) - Si02 (Tridymite) 
5 30.93 74 2.888 2.886 (m) 001 3AI203 2SiO2 (MU11ite) 
6 33.19 32 2.697 2.694 (m) 220 3AI203 2SiO2 (Mullite) 
7 35.19 100 2.548 2.552 (vs) 
2.542(s) 
104 
ill 
A1203 (Corundum) 
3AI203-MO2 (Mullite) 
8 39.16 36 2.298 2.292 (m) 201 M1203-MO2 (Mullite) 
9 40.80 78 2.21 2.206(s) 121 3A12 03 2SiO2 (Mullite) 
10 42.50 25 2.125 2.121 (m) 230 3AI203 2SiO2 (Mullite) 
11 43.20 22 2.092 2.086 (vw) 
2.085 (vs) 
- 
113 
Si02 (Tridymite) 
A1203 (Corundum) 
2.106 (vw) 320 M1203-MO2 (Mullite) 
12 49.40 22 1.843 1.841 (w) 311 M1203-MO2 (Mullite) 
13 53.59 40 1.709 1.7125 (vw) 
1.695 (w) 
240 
- 
M1203-MO2 (Mullite) 
Si02 (Tiidyn-dte) 
14 57.47 30 1.602 1.601 (vs) 
1 1.600 (w) 
116 
- 
A1203 (Corundum) 
Si02 (Tridymite) 
15 60.63 37 1.526 1.5242 (rri) 331 M1203-MO2 (Mullite) 
16 64.51 75 1.443 1.4421 (w) 002 3Al2O3*2SiO2 (Mullite) 
17 70.71 30 1.331 1.3356 (w) 
1.337 (w) 
151 
125 
3AI203 - 2SiO2 (Mullite) 
A1203 (Corundum) 
18 74.50 20 1.273 1.276 (vw) 208 A1203 (Corundum) 
19 76.80 18 1.24 1.239 (w) 1.0.10 A1203 (Corundum) 
20 80.50 14 1.192 1.1898 (vw) 220 A1203 (Corundum) 
21 89-00 15 1.099 1.0988 (Vw) 0.2.10 A1203 (Corundum) 
9? 108.90 14 0.947 0.9431 (vw) 321 A1203 (Corundum) 
23 111.60 11 0.931 1 0.9345 (vw) L318 A1203 (Corund H" 
24 112.80 12 1 0.925. 1- I- - 
411 
CHAPTER B: X-ray diffraction data 
Table B. 24: XRD data of the oxide scale formed on alloy 2 upon 
oxidation at 1400*C. 
No ANGLE RELATIVE 
INTENSITY 
dmeas 
(A) 
dref 
(A) 
liki PHASE 
-1 1 21.88 100 4.06 4.05 (vs) 101 Si02 (Cristobalite) 
2 26.22 13 3.396 3.390 (vs) 210 M1203-MO2 (Mullite) 
3 28.30 11 3.151 3.14 (w) 111 Si02 (Cristobalite) 
4 31.00 13 2.882 2.886 (m) 001 M1203-MO2 (Mullite) 
5 33.20 7 2.696 2.694 (m) 220 3AI203 - 2Si02 (Mullite) 
6 35.30 15 2.54 2.542(s) 111 3A12 03 * 2Si02 (Mullite) 
7 35.93 20 2.497 2.485 (m) 200 Si02 (Cristobalite) 
8 39.30 6 2.291 2.292 (m) 201 M1203-MO2 (Mullite) 
9 40.90 14 2.205 2.206(s) 121 M1203-MO2 (Mullite) 
10 42.50 6 2.125 2.121 (m) 230 3A12 03 * 2SiO2 (Mullite) 
11 44.60 4 2.03 2.019 (vw) 202 Si02 (Cristobalite) 
12 46.80 4 1.94 1.929 (vw) 113 Si02 (Cristobalite) 
11 3 48.40 6 1.879 1.870 (vw) 212 Si02 (Cristobalite) 
11 4 53.90 4 1.7 1.7001 (w) 321 3AI203 * 2Si02 (Mullite) 
15 56.80 5 1.62 1.612 (vw) 301 Si02 (Cristobalite) 
16 57.50 4 1.601 1.5999 (m) 
1.600 (vw) 
041 
213 
M1203-MO2 (Mullite) 
Si02 (Cristobalite) 
17 60.70 6 1.524 1.5242 (m) 331 M1203-MO2 (Mullite) 
18 =4.6 0 =9 1.442 1.4421 (w) 002 M1203-MO2 (Mullite) 
412 
CHAPTER B: X-ray diffraction data 
Table B. 25: XRD data of the oxide scale formed on alloy 3 upon 
oxidation at 800"C. 
413 
No ANGLE RELATIVE 
INTENSITY 
d. ý.. 
(A) 
dref 
(A) 
hkl PHASE 
1 21.94 54 4.048 4.05 (vs) 101 Si02 (Cristobalite) 
2 26.29 56 3.387 3.39 (vs) 210 M1203-MO2 (Mullite) 
3 27.65 21 3.224 3.215 (vw) - Si02 (Tridymite) 
4 29.65 43 3.01 2.975 (m) - Si02 (Tridymite) 
5 31.14 87 2.869 2.886 (w) 001 M1203-MO2 (Mullite) 
6 33.30 30 2.688 2.694 (m) 220 3A]2O3.2SiO2 (Mullite) 
7 35.38 100 2.535 2.552 (vs) 
2.542 (m) 
104 
ill 
A1203 (Corundum) 
M1203-MO2 (Mullite) 
8 36.20 22 2.479 2.485 (m) 
2.49 (w) 
200 
- 
Si02 (Cristobalite) 
Si02 (Tridymite) 
9 37.05 16 2.424 2.428 (w) 130 M1203-MO2 (Mullite) 
10 37.90 19 2.372 2.379 (m) 110 A1203 (Corundum) 
11 39.37 29 2.287 2.292 (w) 201 3AI203,2SiO2 (Mullite) 
12 40.98 74 2.201 2.206(s) 121 M1203-MO2 (Mullite) 
13 42.70 20 2.116 2.121 (m) 230 3AI203,2SiO2 (Mullite) 
14 43.44 34 2.082 2.085 (vs) 113 A1203 (Corundum) 
15 48.75 13 1.866 1.863 (vw) 
1.87 (vw) 
140 
212 
3AI203 * 2SiO2 (Mullite) 
Si02 (Cristobalite) 
16 49.50 15 1.84 1.841 (vw) 311 M1203-MO2 (Mullite) 
17 52.65 17 1.737 1.74 (m) 024 A1203 (Corundum) 
18 54.10 18 1.694 1.695 (w) 
1.694 (vw) 
- 
420 
Si02 (Tridymite) 
M1203-MC 
19 57.60 40 1.599 1.601(s) 
1.5999 (W) 
1.60 (vw) 
1.60 (vw) 
116 
041 
213 
- 
A1203 (Corundum) 
M1203-MO2 (Mullite) 
Si02 (Cristobalite) 
Si02 (Tridymite) 
20 1 60.74 39 1.524 1.5242 (m) 331 M1203-MO2 (Mullite) 
21 163.65 14 1.461 1.4605 (vw) 421 M1203-MO2 (Mullite) 
22 64.69 93 1.44 1.431 (m) 
1.443 (vw) 
1.4421 (w) 
312 
- 
002 
Si02 (Cristobalite) 
Si02 (Tridymite) 
3AI203,2SiO2 (Mullite) 
23 66.55 
1 
17 1.404 1.404 (m) 
1.4046 (vw) 
124 
520 
A1203 (Corundum) 
3A12 03 - 2SiO2 (Mullite) 
24 67.20 12 1.392 1.3932 (vw) 112 3A1203,2SiO2 (Mullite) 
25 68.30 20 1.372 1.374 (m) 030 A1203 (Corundum) 
26 71.00 26 1.326 
1 
1.333 (vw) 
1 1.337 (vw) 
105 
125 
Si02 (Cristobalite) 
203 (Corundum) 
27 74.20 16 1.277 1.281 (vw) 322 Si02 (Cristobalite) 
28 74.60 15 1.271 1.276 (vw) 208 A1203 (Corundum) 
CHAPTER B: X-ray diffraction data 
Table B. 25: (continued) 
414 
No I ANGLE I RELATIVE 
INTENSITY 
I dmeas 
(A) 
dref 
(A) 
hkl PHASE 
29 75-05 16 1.265 - - 
30 76.85 15 1.239 1.239 (W) 1.0.10 A1203 (Corundum) 
31 80.80 10 1.188 1.188 (vw) 411 Si02 (Cristobalite) 
32 89.05 10 1.098 1.0988 (vw) 0.2.10 A1203 (Corundum) 
CHAPTER B: X-ray diffraction data 
Table B. 26: XRD data of the oxide scale formed on alloy 3 upon 
oxidation at 950"C. 
No ANGLE RELATIVE 
INTENSITY 
d,,,,,,, 
(A) 
dref 
(A) 
hkl PHASE 
1 26.22 51 3.396 3.39 (vs) 210 3AI203*2SiO2 (Mullite) 
2 27.65 19 3.224 3.215 (vw) - 
Si02 (Tridymite) 
3 29.35 24 3.041 3.049 (vw) - Si02 (Tridymite) 
4 31.02 52 2.881 2.886 (w) 001 M1203-MO2 (Mullite) 
5 33.25 30 2.692 2.694 (m) 220 M1203-MO2 (Mullite) 
6 35.29 100 2.541 2.552 (vs) 
2.542 (m) 
104 
ill 
A1203 (Corundum) 
M1203-MO2 (Mullite 
7 36.25 17 2.476 2.49 (w) 200 Si02 (Tridymite) 
8 37.10 15 2.421 2.428 (w) 130 3AI203,2SiO2 (Mullite) 
9 37.75 17 2.381 2.379 (m) 110 A1203 (Corundum) 
10 39.28 37 2.292 2.292 (w) 201 M1203-MO2 (MU11ite) 
11 40.91 92 2.204 2.206(s) 121 3A12 03 - 2SiO2 (Mullite) 
12 42.65 21 2.118 2.121 (m) 230 3AI203 - 2SiO2 (Mullite) 
13 43.35 25 2.086 2.085 (vs) 113 A1203 (Corundum) 
14 49.50 20 1.84 1.841 (vw) 311 3AI203,2SiO2 (Mullite) 
15 52.40 13 1.745 1.74 (m) 024 A1203 (Corundum) 
16 53.95 22 1.698 1.695 (w) 
1.694 (vw) 
- 
420 
Si02 (Tridymite) 
W203, MO2 (Mullite) 
17 57.58 37 1.599 1.601(s) 
1.5999 (w) 
1.60 (vw) 
116 
041 
- 
A1203 (Corundum) 
3AI203 - 2SiO2 (Mullite) 
Si02 (Tridymite) 
18 58.45 13 1.578 1.5786 (w) 401 3A12 03 - 2SiO2 (Mullite) 
19 60.71 55 1.524 1.5242 (m) 331 3AI203,2SiO2 (Mullite) 
20 63.60 16 1.462 1.4605 (vw) 421 3A12 03 - 2SiO2 (Mullite) 
21 64.61 87 1.441 1.443 (vw) 
1.4421 (w) 
- 
002 
SiO2 (Tridymite) 
M1203-MO2 (Mullite) 
22 65.50 11 1.424 1.424 (vw) 250 M1203-MO2 (Mullite) 
23 66.50 17 1.405 1.4046 (vw) 
1.404 (m) 
520 
124 
M1203-MO2 (Mullite) 
A1203 (Corundum) 
24 67.15 11 1.393 1.3932 (vw) 112 3A12O3,2SiO2 (Mullite) 
25 68.20 20 1.374 1.374 (m) 030 A1203 (Corundum) 
26 70.90 35 1.328 1.337 (vw) 125 A1203 (Corundum) 
27 74.20 23 1.277 1.276 (vw) 208 A1203 (Corundum) 
28 74.65 27 1.27 - - 
29 75-10 21 1.264 - - 
30 76.86 21 1.239 1.239 (w) 1.0.10 A1203 (Corundum) 
31 80.60 13 1.191 1.1898 (vw) 220 A1203 (Corundum) 
32 88.60 13 1.103 - - 
33 89.10 16 1.098 1.0988 (vw) 0.2.10 A1203 (Corundum) 
415 
CHAPTER B: X-ray diffraction data 416 
Table B. 27: XRD data of the oxide scale formed on alloy 3 upon 
oxidation at 14001C. 
No ANGLE RELATIVE 
INTENSITY 
dmeas 
(A 
dref 
(A) 
hkl PHASE 
1 21.90 15 4.055 4.05 (vs) 101 Si02 (Cristobalite) 
2 25.95 25 3.431 3.428 (vs) 120 M1203-MO2 (Mullite) 
3 26.26 44 3.391 3.39 (vs) 210 M1203-MO2 (Mullite) 
4 30.91 56 2.891 2.886 (w) 001 3AI203,2SiO2 (Mullite) 
5 33.20 19 2.696 2.694 (m) 920 3Al2O3*2SiO2 (Mullite) 
6 35.20 62 2.547 2.542 (m) 
2.552 (vs) 
111 
104 
3AI203 - 2SiO2 (Mullite) 
A1203 (Corundum) 
7 36.95 8 2.431 2.428 (w) 130 3Al2O3,2SiO2 (Mullite) 
8 39.25 17 2.293 2.292 (w) 201 3AI203,2SiO2 (Mullite) 
9 40.80 53 2.21 2.206(s) 121 3A1203- 2SiO2 (Mullite) 
10 42.55 10 2.123 2.121 (m) 230 3AI203,2SiO2 (Mullite) 
11 48.20 6 1.886 1.887 (vw) 400 3AI203,2SiO2 (Mullite) 
12 49.45 9 1.842 1.841 (vw) 311 3AI203,2SiO2 (Mullite) 
13 53.40 5 1.714 1.7125 (vw) 240 3AI203 * 2SiO2 (Mullite) 
14 54.05 9 1.695 1.694 (vw) 420 3AI203 - 2SiO2 (Mullite) 
15 57.50 12 1.601 1.601 (vs) 
1.5999 (w) 
116 
041 
A1203 (Corundum) 
3AI203 - 2SiO2 (Mullite) 
16 58.40 6 1.579 1.5786 (w) 401 M1203-MO2 (Mullite) 
17 60.66 30 1.525 1.5242 (m) 331 3AI203 - 2SiO2 (MUllite) 
18 63.60 7 1.462 1.4605 (vw) 421 3AI203,2SiO2 (Mullite) 
19 64.47 100 1.444 1.431 (m) 
1.4421 (w) 
312 
002 
Si02 (Cristobalite) 
M1203-MO2 (Mullite) 
20 66.50 5 1.405 1.4046 (vw) 520 M1203-MO2 (Mullite) 
21 67.05 7 1.395 1.3932 (vw) 112 M1203-MO2 (Mullite) 
22 70.40 9 1.336 1.3356 (w) 151 M1203-MO2 (Mullite) 
23 70.85 20 1.329 1.333 (vw) 105 Si02 (Cristobalite) 
24 74.15 9 1.278 1.281 (vw) 322 Si02 (Cristobalite) 
25 74.50 11 1.273 1.276 (vw) 208 A1203 (Corundum) 
26 75.15 8 1.263 - - 
27 76.75 9 1.241 1.242 (vw) 400 Si02 (Cristobalite) 
28 80.40 5 1.193 1.188 (vw) 411 
_Si02 
(Cristobalite) 
29 88.50 4 1.104 1.0988 (vw) 0.2.10 A1203 (Corundum) 
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Table B. 28: XRD data of the oxide scale formed on alloy 4 upon 
oxidation at 8001C. 
No ýNGLE RELATIVE 
INTENSITY 
dmeas 
(A) 
d,, f 
(A) 
hkl PHASE 
1 23.10 24 3.847 3.849 (m) 201 M03AI8 
2 24.00 20 3.705 3.70 (M) 202 M03A18 
3 25.60 29 3.477 3.479(s) 012 A1203 (Corundum) 
4 26.36 44 3.378 3.375(s) 
3.39 (vs) 
110 
210 
M03AI8 
M1203-MO2 (Mullite) 
5 28.50 20 3.129 3.128 (vw) ill M03A18 
6 31.00 18 2.882 2.883 (vw) 
2.886 (w) 
112 
001 
M03A18 
M1203-MO2 (Mullite) 
7 33.10 17 2.704 2.701 (vw) 
2.694 (m) 
112 
?? 0 
M03AI8 
3A12 03 - 2SiO2 (Mullite) 
8 35.21 20 2.547 2.552 (vs) 
2.542 (m) 
104 
ill 
A1203 (Corundum) 
3AI203 - Mi 
9 36.52 27 2.458 2.445 (m) 
2.457 (m) 
113,203 
002 
M03AI8 
M05Si3 
10 37.90 19 2.372 2.379 (m) 110 A1203 (Corundum) 
11 39.34 100 2.288 2.28 (vs) 113 M03AI8 
12 40.30 87 2.236 2.229 (vs) 512 M03A18 
13 40.90 62 2.205 2.206(s) 
2.191 (w) 
121 
311 
3AI203 - 2SiO2 (Mullite) 
M03AI 
14 42.45 38 2.128 2.120 (m) 
2.121 (m) 
401 
230 
M03A18 
3AI203 - 2SiO2 (Mullite) 
15 43.40 15 2.083 2.085 (vs) 113 A1203 (Corundum) 
16 45.00 21 2.013 2.016 (vw) 204 M03AI8 
17 46.50 14 1.951 1.9509 (m) 
1.964 (vw) 
205 
202 
M03AI8 
A1203 (Corundum) 
18 50.00 9 1.823 1.8189 (vw) 020 M03AI8 
19 52.60 8 1.739 1.740 (m) 024 A1203 (Corundum) 
20 54.00 8 1.697 1.6875 (vw) 
1.694 (vw) 
?? 0 
420 
M03A18 
3AI203,2SiO2 (Mullite) 
21 55.60 8 1.652 1.6478 (vw) 006,4-05 Mo3A18 
22 56.40 9 1.63 1.6323 (vw) 222 M03AI8 
23 57.60 12 1.599 1.601 (vs) 
1.5999 (w) 
116 
041 
A1203 (Corundum) 
M1203-MO2 (Mullite) 
24 60.30 9 
1 
1.534 1.546 (vw) 
1.5242 (m) 
211 
411 
A1203 (Corundum) 
M1203, MO2 (Mullite) 
25 67.76 31 1.382 1.3803 (w) 421 M03AI8 
26 70.60 10 1.333 1.337 (vw) 
1.3356 (w) 
125 
151 
A1203 (Corundum) 
3A12 03 * 2SiO2 (Mullite) 
27 75-10 8 1.264 1.2612 (vw) 514 M03AI8 
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Table B. 28: (continued) 
418 
No ANG E RELATIVE 
INTENSITY 
dmeas 
(A) 
def 
(A) 
hkl PHASE 
1.276 (vw) 208 A1203 (Corundum) 
28 
-29 
77.10 
82.10 
11 
8 
1.236 
1.173 
1.239 (w) 
1.1715 (vw) 
1.0.10 
424,621 
A1203 (Corundum) 
M03AI8 
30 84.90 10 1.141 1.147 (vw) 223 A1203 (Corundum) 
31 85.40 9 1.136 1.1382 (vw) 
1.1366 (vw) 
311 
712,317 
A1203 (Corundum) 
M03AIS 
32 87.30 13 1.116 1.12012 (vw) 
_ 
133 M03A L8___j 
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Table B. 29: XRD data of the oxide scale formed on alloy 4 upon 
oxidation at 9501C. 
No ANGLE RELATivE 
INTENSITY 
dm,,, 
(A 
def 
(A) 
hkl PHASE 
1 21.37 58 4.154 4.107 (vs) Si02 (Tridymite) 
2 22-90 27 3.88 3.867 (W) - Si02 (Tridymite) 
3 25.43 54 3.499 3.479(s) 012 A1203 (Corundum) 
4 25.60 47 3.477 3.479(s) 
3.461 (vw) 
012 
- 
A1203 (Corundum) 
Si02 (Tridymite) 
5 27.80 27 3.206 3.215 (vw) - Si02 (Tridymite) 
6 30.55 43 2.924 2.938 (vw) 203 M03A]s 
7 32.80 32 2.728 - - 
8 34.78 100 2.577 2.552 (vs) 104 A1203 (Corundum) 
9 37.37 46 2.404 2.385 (vw) - Si02 (Tridymite) 
10 38.85 28 2.316 2.308 (w) 
2.321 (vw) 
- 
310 
Si02 (Tridymite) 
M03A]8 
11 40.45 57 2.2-28 2.2-29 (vs) h2 Mo3AI8 
12 42.95 87 2.104 2.113 (vs) 411 M05Si3 
13 44.10 16 2.052 2.085 (vs) 113 A1203 (Corundum) 
14 49.00 16 1.857 1.855 (vw) - Si02 (Tridymite) 
15 52.16 48 1.752 1.74 (m) 024 A1203 (Corundum) 
16 53.54 19 1.71 1.715 (vw) - Si02 (Tridymite) 
17 57.13 94 1.611 1.601 (vs) 116 A1203 (Corundum) 
18 60.32 31 1.533 1.534 (vw) - Si02 (Tridymite) 
19 60.90 18 1.52 1.514 (vw) 
1.517 (vw) 
122 
- 
A1203 (Corundum) 
Si02 (Tridymite) 
20 64.20 35 1.449 1.443 (vw) 
1.4415 (vw) 
1.4406 (w) 
- 
116,224 
541 
Si02 (Tridymite) 
M03AI8 
M05Si3 
21 66.14 43 1.412 1.413 (vw) 
1.4069 (vw) 
- 
422 
Si02 (Tridymite) 
M03AI8 
22 67.84 62 1.38 1.374(s) 
1.3803 (w) 
030 
421 
A1203 (Corundum) 
M03AI8 
23 70.10 17 1.341 1.3453 (m) 
1.3504 (vw) 
602 
224 
M05Si3 
M03AI8 
24 70.50 18 1.335 1.337 (vw) 125 A1203 (Corundum) 
25 73.90 16 1.281 1.276 (vw) 208 A1203 (Corundum) 
26 76.54 26 1.244 1.239 (w) 1.0.10 A1203 (Corundum) 
27 80.40 18 1.193 1.1898 (vw) 220 A1203 (Corundum) 
28 84.00 14 1.151 . 147 (vw) 223 A1203 (Corundum) 
29 86.10 14 1.128 1 1.1255 (vw) 312 : 61 
A1203 (Corundum) 
30 1 88.67 20 1.102 11.0988 (vw) 
[70.2. 
10H A1203 (Corundum) 
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Table B. 30: XRD data of the oxide scale formed on alloy 4 upon 
oxidation at 1400"C. 
No ANGLE RELATIVE 
INTENSM 
d .. eas 
(A) 
dref 
(A) 
hkl PHASE 
1 21.99 37 4.039 4.05 (vs) 101 Si02 (Cristobalite) 
2 25.67 56 3.468 3.479(s) 012 A1203 (Corundum) 
3 26.20 41 3.399 3.39 (vs) 210 3A1203- 2Si02 (Mullite) 
4 26.48 47 3.364 3.36 (vs) 210 M203*SiO2 (Sillimanite) 
5 28.45 12 3.135 3.14 (w) ill Si02 (Cristobalite) 
6 31.17 24 2.867 2.886 (w) 001 M1203-MO2 (Mullite) 
7 33.39 24 2.681 2.694 (m) 220 3AI203 * 2Si02 (Mullite) 
8 35.25 87 2.544 2.552 (vs) 
2.542 (m) 
104 
ill 
A1203 (Corundum) 
3AI203*2SiO2 (Mullite) 
9 36.00 13 2.493 2.485 (w) 200 Si02 (Cristobalite) 
10 37.15 13 2.418 2.428 (w) 130 3A12 03 - 2SiO2 (Mullite) 
11 37.82 52 2.377 2.379 (m) 110 A1203 (Corundum) 
12 39.45 16 2.282 2.292 (w) 201 M1203-MO2 (MU11ite) 
13 41.03 41 2.198 2.206(s) 121 M1203-MO2 (Mullite) 
14 42.75 18 2.113 2.121 (m) 230 M1203-MO2 (MU11ite) 
15 43.45 100 2.081 2.085 (vs) 113 A1203 (Corundum) 
16 48.20 9 1.886 1.887 (vw) 400 3A]203'2SiO2 (Mullite) 
17 49.65 10 1.835 1.841 (vw) 311 3AI203 - 2Si02 (MU11ite) 
18 52.65 49 1.737 1.74 (m) 024 A1203 (Corundum) 
19 54.10 13 1.694 1.694 (w) 420 3AI203 - 2SiO2 (Mullite) 
20 57.61 98 1.599 1.601(s) 
1.5999 (w) 
116 
041 
A1203 (Corundum) 
M1203-MO2 (MU11ite) 
21 58.65 9 1.573 '1.5786 (w) 401 M1203-MO2 (Mullite) 
22 60.89 35 1.52 1.5242 (m) 
1.514 (vw) 
331 
192 
3AI203 
- 2SiO2 (Mullite) 
A1203 (Corundum) 
23 63.85 9 1.457 1.4605 (vw) 421 M1203-MO2 (Mullite) 
24 64.77 22 1.438 1.431 (m) 
1.4421 (w) 
312 
002 
Si02 (Cristobalite) 
3A12O3-2SiO2 (Mullite) 
25 65.60 8 1.422 1.424 (vw) 250 3AI203 - 2SiO2 (Mullite) 
26 66.63 42 1.403 1.404 (m) 
1.4046 (vw) 
124 
520 
A1203 (Corundum) 
3AI203 * 2Si02 (Mullite) 
27 68.33 70 1.372 '1.374 (m) 030 A1203 (Corundum) 
28 70.60 13 1.333 1.337 (vw) 125 A1203 (Corundum) 
29 71.10 11 1.325 1.3356 (w) 151 3AI203 - 2SiO2 (Mullite) 
30 74.35 13 1.275 1.276 (vw) 208 A1203 (Corundum) 
31 75.35 12 1.26 - - 
32 76.98 21 1.238 1.239 (w) 1.0.10 A1203 (Corundum) 
33 80.85 12 1.188 1.1898 (vw) 0 A1203 (Corundum) 
34 84.50 9 1.146 1 -I 
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Table B. 30: (continued) 
No AýGLE RELATIVE I d,,, cas dref hki 
PHASE I 
INTENSITY I (A) 
ý 
(A) 
1 35 86.50 8 1.124 1.246 (vw) 128 A1203 (Corundum) 
L36 89.10 11 1.098 1.0988 (vw) 0.2.10 A1203 (Corundum) 
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Table B. 31: XRD data of the oxide scale formed on alloy 5 upon 
oxidation at 500"C. 
No ANGLE RELATIVE 
INTENSITY 
dm,, s 
(A) 
dref 
(A) 
hkl PHASE 
1 23.10 27 3.847 3.849 (M) 201 
M03J4J8 
2 23.60 19 3.767 3.808(s) 110 M003 
3 24.00 20 3.705 3.7 (m) 202 M03AI8 
4 26.40 20 3.373 3.375(s) 110 M03A18 
5 27.00 30 3.3 3.296 (M) 
3.259 (vs) 
003 
021 
M03AI8 
M003 
6 36.70 20 2.447 2.445 (M) 113,203 M03AI8 
7 37.10 15 2.421 2.412 (W) 400 M05Si3 
8 38.10 24 2.36 2.351(s) 321 M05Si3 
9 39.00 15 2.308 2.3088 (m) 
2.311 (W) 
060 
112 
M003 
MO5Si3 
10 39.50 24 2.279 2.28 (vs) 
2.2707 (W) 
113 
150 
M03AI8 
M003 
11 40.50 35 2.225 2.229 (vs) 212 Mo3AI8 
12 41.60 24 2.169 2.1578(s) 420 MO5Si3 
13 42.77 100 2.113 2.113 (vs) 411 MO5Si3 
14 45.30 13 2 1.994(s) 222 M05Si3 
15 46.40 25 1.955 1.9509 (M) 
1.9585 (W) 
ý05 
061 
M03AI8 
M003 
16 49.30 8 1.847 1.8483 (w) 002 M003 
17 50.20 28 1.816 1.8189 (m) 020 M03AI8 
18 55.80 18 1.646 1.6445 (vw) 221,911 M03AI8 
19 58.40 8 1.579 1.582 (vw) 314 M03A18 
20 60.30 7 1.534 1.5316 (vw) 404,601 M03AI8 
21 63.50 8 1.464 1.4626 (vw) 206,223 M03A18 
2-2 66.40 26 1.407 1.4012 (W) 442 M05Sb 
23 68.00 10 1.377 1.3804 (W) 631 M05% 
24 68.30 10 1.372 1.3724 (W) 532 MO, %Si3 
25 69.80 7 1.346 1.3453 (m) 
1.3453 (VW) 
710 
212 
M05Si3 
M003 
26 70.80 6 1.33 1.3304 (vw) 225 M03A]8 
27 75.40 7 1.26 1.2612 (vw) 514 M03A18 
28 75.80 7 1.254 - - 
_ 29 77.40 12 1.232 1.2352 (vw) 711 M03A18 
422 
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Table B. 32: XRD data of the oxide scale formed on alloy 5 upon 
oxidation at 8000C. 
No ANGLE RELATIVE dmeas def hM PHASE 
INTENSITY (A) (A) 
I I 
1 23.40 15 3.798 3.818 (m) Si02 (Tridymite) 
2 25.80 13 3.45 3.461 (vw) Si02 (Tridymite) 
3 26.22 16 3.396 3.396 (vw) Si02 (Tridymite) 
4 27.30 74 3.264 3.265 (vw) ill M03AI8 
3.25 (vw) - Si02 (Tridymite) 
3.242 (m) 211 M05% 
5 29.41 18 3.035 3.049 (vw) - Si02 (Tridymite) 
3.063 (vw) 202 M03AI8 
3.052 (m) 310 MO, 5Si3 
6 37.00 24 2.428 2.445 (m) 113,203 M03AI8 
2.412 (w) 400 MO5Si3 
7 38.42 20 2.341 2.342 (vw) - Si02 (Tridymite) 
2.351(s) 321 M05Si3 
8 39.76 87 2.265 2.28 (vs) 113 M03AI8 
2.274 (vw) 330 MO5Si3 
9 40.70 16 2.215 2.205 (vw) - Si02 (Tridymite) 
2.229 (vs) 312 M03AI8 
10 41.29 27 2.185 2.1903 (m) 202 MO6Si3 
2.191 (w) 311 M03A18 
11 41.90 21 2.154 2.1578(s) 420 MO5Si3 
2.137 (vw) - Si02 (Tridymite) 
12 42.91 62 2.106 2.085 (vs) 113 A1203 (Corundum) 
2.086 (vw) - Si02 (Tridymite) 
2.113 (vs) 411 M05Si3 
13 45.20 15 2.004 1.994(s) M05Si3 
14 45.60 10 1.988 1.976 (vw) - Si02 (Tridymite) 
1.964 (vw) 202 A1203 (Corundum) 
15 46.81 22 1.939 1.943 (vw) - Si02 (Tridymite) 
1.9308 (vw) 114 M03AI8 
16 52.10 6 1.754 1.74 (m) 024 A1203 (Corundum) 
17 56.00 14 1.641 1.6445 (vw) 221,511 M03AI8 
1.635 (vw) - Si02 (Tridymite) 
18 56.90 7 1.617 1.6219 (vw) 512,510 M03AI8 
1.6087 (vw) 600 M05Si3 
1.601 (vs) 116 A1203 (Corundum) 
19 1 58.50 9 1.576 1 1.582 (vw) 314 M03AI8 
20 61.01 15 1.517 1.517 (vw) - Si02 (Tridymite) 
1.5233 (vw) 331 M03A18 
1.514 (vw) 122 A1203 (Corundum) 
423 
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Table B. 32: (continued) 
No ANGLE RELATIVE dmeas d,, f hkl PHAS 
INTENSITY (A) (A) 
21 63.81 17 1.457 1.4626 (vw) 206,993 M03AIS 
1.467 (vw) - 
Si02 (Tridymite) 
22 64.80 17 1.438 1.439 (vw) - 
Si02 (Tridymite) 
1.4415 (vw) 116,224 Mo3AI8 
23 66.60 11 1.403 1.404 (m) 124 A1203 (Corundum) 
1.402 (vw) - 
Si02 (Tridymite) 
1.4012 (w) 442 M05Si3 
1.4069 (vw) 422 M03AI8 
24 68.50 12 1.369 1.3708 (vw) 515,602 M03AJ8 
1.374 (m) 030 AJ203 (Corundum) 
1.3643 (w) 710 M05 13 
25 71.00 14 1.326 1.3304 (vw) 225 M03AI8 
26 75.50 9 1.258 1.2612 (vw) 514 M03AI8 
27 78.40 8 1.219 1.2-219 (vw) 425,026 M03A18 
28 81.13 25 1.185 1.1876 (vw) 118 M03A]8 
1.1898 (vw) 220 A1203 (Corundum) 
29 83.00 11 1.162 1.1627 (vw) 318 M03AI8 
1.1631 (vw) 741 M05Si3 
1.16 (vw) 306 A1203 (Corundum) 
30 85.56 10 1.134 1.1382 (vw) 311 A1203 (Corundum) 
1.1369 (vw) 660 M05Si3 
31 87.80 6 1.111 1.1087 (vw) 543 MO5Si3 
32 88.50 7 1.104 1.1004 (vw) 831 Mo5si3 
33 89.20 5 1.097 1.0988 (vw) 0.2.10 A1203 (Corundum) 
424 
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Table B. 33: XRD data of the oxide scale formed on alloy 5 upon 
oxidation at 950'C. 
425 
No ANGLE RELATIVE 
INTENSITY 
dm e as 
(A) 
dref 
(A) 
hkl PHASE 
1 21.59 39 4.112 4.107 (vs) - Si02 (Tridymite) 
2 25.69 46 3.465 3.479(s) 
3.461 (vw)_ 
012 
- 
A1203 (Corundum) 
Si02 (Tridymite) 
3 26.00 38 3.424 3.428 (vs) 120 M1203-MO2 (Mullite) 
4 29.00 22 3.076 3.087 (vw) - Si02 (Tridymite) 
5 29.60 21 3.015 3.017 (vw) - Si02 (Tridymite) 
6 30.80 30 2.901 2.886 (m) 001 3AI203*2SiO2 (Mullite) 
7 33.07 25 2.706 2.694 (m) 220 3AI203 * 2SiO2 (MUllite) 
8 35.04 84 2.558 2.552 (vs) 104 A1203 (Corundum) 
9 37.64 40 2.388 3.379 (m) 
2.385 (vw) 
2.392 (vw) 
110 
- 
310 
A1203 (Corundum) 
Si02 (Tridymite) 
3A12 03 - 2Si02 (Mullite) 
10 39.14 19 2.3 2.308 (w) 
2.308 (vw) 
- 
021 
Si02 (Tridymite) 
M1203-MO2 (Mullite) 
11 40.75 37 2.213 2.206(s) 
2.205 (vw) 
121 
- 
M1203-MO2 (Mullite) 
Si02 (Tridymite) 
12 43.22 92 2.091 2.085 (vs) 
2.086 (vw) 
113 
- 
JA-1203 
(Corundum) 
Si02 (Tridymite) 
13 46.10 10 1.967 1.969 (vw) 
1.964 (vw) 
221 
202 
3AI203,2SiO2 (Mullite) 
A1203 (Corundum) 
14 47.20 11 1.924 1.923 (vw) 040 3A12 03 2SiO2 (Mullite) 
15 48.20 12 1.886 1.887 (vw) 
1.874 (vw) 
400 
- 
3AI203 2SiO2 (Mullite) 
Si02 (Tridymite) 
16 49.30 12 1.847 1.841 (vw) 
1.855 (vw) 
311 
- 
M1203-MO2 (Mullite) 
Si02 (Tridymite) 
17 52.43 49 1.744 1.74 (m) 024 A1203 (Corundum) 
18 53.90 14 1.7 1.7001 (w) 
1.695 (w) 
321 
- 
3AI203,2SiO2 (Mullite) 
Si02 (Tridymite) 
19 57.39 100 1.604 1.601 (vs) 
1.5999 (W) 
116 
041 
A1203 (Corundum) 
3AI203 * 2SiO2 (Mullite) 
1.6 (w) - Si02 (Tridyn-dte) 
20 60.62 28 1.526 1.5242 (m) 
1.534 (vw) 
331 
- 
M1203-MO2 (Mullite) 
Si02 (Tridymite) 
21 61.10 16 1.515 1.514 (vw) 
1.517 (vw) 
1,22 
- 
A1203 (Corundum) 
Si02 (Tridymite) 
22 63.50 11 1.464 1.467 (vw) 
1.4605 (vw) 
- 
421 
Si02 (Tridymite) 
3AI203-2SiO2 (Mullite) 
23 64.50 25 
I 
1.443 
1 
1.4421 (w) 
1 1.449 (vw) 
002 
- 
3Al2O3.2SiO2 (Mullite) 
SiO2 (Tridyn-dte) 
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Table B. 33: (continued) 
No I ANGLE RELATIVE I 
INTENSITY 
dmeas 
(A) 
dref 
(A) 
hkl PHASE -1 
24 66.41 49 1.407 1.404 (m) 
1.4046 (vw) 
1.402 (vw) 
124 
520 
- 
A1203 (Corundum) 
3AI203 
* 
2SiO2 (Mullite) 
Si02 (Tridymite) 
25 68.11 71 1.376 1.374(s) 030 A1203 (Corundum) 
26 70.40 14 1.336 1.3356 (w) 
1.337 (vw) 
151 
125 
M1203-MO2 (Mullite) 
A1203 (Corundum) 
27 70.90 14 1.328 - - 
28 74.20 13 1.277 1.276 (vw) 208 A1203 (Corundum) 
29 75.10 11 1.264 - - 
30 76.84 26 1.239 1.239 (w) 1.0.10 A1203 (Corundum) 
31 80.60 16 1.191 1.1898 (Vw) 220 A1203 (Corundum) 
32 84.30 11 1.148 1.147 (vw) 223 A1203 (Corundum) 
33 86.40 13 1.125 1.1255 (vw) 312 1 A1203 (Corundum) 
34 88-90 16 1.1 1.0988 (vw) 0.2.10 t A1203 (Corundum) 
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Table B. 34: XRD data of the oxide scale formed on alloy 5 upon 
oxidation at 1400'C. 
No ANGLE I RELATIVE 
INTENSITY 
dmeas 
(A) 
dref 
(A) 
hkl P 
1 25.58 100 3.48 3.479(s) 012 
A1203 (Corundum) 
2 27.45 14 3.247 3.242 (m) 211 M05Si3 
3 35.02 72 2.561 2.552 (vs) 104 A1203 (Corundum) 
4 37.61 54 2.39 2.379( M) 110 A1203 (Corundum) 
5 41.59 23 2.169 2.1578(s) 
2.165 (vw) 
420 
006 
MO5Si3 
A1203 (Corundum) 
6 43.19 60 2.093 2.085 (vs) 113 A1203 (Corundum) 
7 44.85 11 2.019 1.994(s) 222 MO5Si3 
8 52.45 21 1.743 1.74 (m) 024 A1203 (Corundum) 
9 57.31 33 1.606 1.601(s) 116 A1203 (Corundum) 
10 61.10 6 1.515 1.514 (vw) 122 A1203 (Corundum) 
11 66.25 17 1.41 1.404 (m) 124 A1203 (Corundum) 
12 67.75 18 1.382 1.3804 (w) 631 M05Si3 
13 67.98 19 1.378 1.374 (m) 030 A1203 (Corundum) 
14 69.35 6 1.354 1.337 (vw) 125 A1203 (Corundum) 
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